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ABSTRACT 
P ”) 

This r e p o r t  p resents  i n  d e t a i l  a ca l cu la t ion  method t o  compute the  
t r a j e c t o r y  and a b l a t i o n  c h a r a c t e r i s t i c s  a t  the  s t agna t ion  poin t  of a 
g l a s s  sphere en ter ing  i n t o  the  atmosphere of the  e a r t h  from a n  a r b i t r a r y  
p o i n t  i n  space. The underlying equations employed by the  method include 
the  t r a n s i e n t  e f f e c t s ,  i n t e r n a l  r ad ia t ion ,  mel t ing  and nonequilibrium 
vapoaizat ion of the g l a s s - l i qu id  layer.  A computer program w r i t t e n  i n  
For t r an  I V  language and a de ta i l ed  desc r ip t ion  of the  prepara t ion  of 
inpu t  f o r  t h i s  program are included. 
a b l e  t o  the  s tudy of t e k t i t e s  and t h e i r  atmospheric entry.  
and program could e a s i l y  be a l t e r ed  t o  ca l cu la t e  t he  a b l a t i o n  a t  the  
s t agna t ion  po in t  of a sphe r i ca l  g l a s s  t i p  on a missile-shaped body. 
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Equation 
Symbol 

A ~ Y A ~ J A ~  
A 4  

a 

a m  

vm 

B ~ J B ~ Y B ~  
B 4  

‘w, eq. 

P C 

cD 

g, 

he 

h, 

h V  

H 

HT 

4 

DEFINITION OF SYMBOLS 

(The following t a b l e  l i s t s  the symbols t h a t  appear i n  the equat,ms and 
the corresponding symbol of the  computer output.  
is the meter-kilogram-second system where kg s tands  f o r  kilogram mass.) 

The system of u n i t s  

Program 
output  
Symbol 

A 1  , A 2  A3 
A4 

B1 , B2,B3 
B4 

CP 

CD 

GINF 

HE 

Hw 

HV 

H 

D h e n s  ions 

m2 sec/kg 

m/sec 

kcal/kg°K 

m / s  ec2 

k c a l l  kg 

k c a l l  kg 

kca l /  kg 

m 

m 

Des cr i p  t ion 

constants  i n  vapor pressure 
func t ion  

evaporat ion r e s i s t a n c e  

speed of sound 

constants  i n  v i s c o s i t y  funct ion 

equi l ibr ium mass f r a c t i o n  of the 
in j ec t ed  vapor a t  the  w a l l  

s p e c i f i c  hea t  a t  constant  pressurt  
of the  body material 

drag c o e f f i c i e n t ,  CD = D/(p,W2A/2: 
where A i s  a re ference  a r e a  
A = nr2 

f0 

g r a v i t y  constant  ( f r ee  stream) 

enthalpy of a i r  a t  the  outer  edge 
of boundary layer  

enthalpy of a i r  a t  the  w a l l  

hea t  of vapor iza t ion  of the body 
ma te r i a l  

geometric f l i g h t  a l t i t u d e  

f l i g h t  a l t i t u d e  where s l i p  flow 
regime begins 

V 



DEFINITION OF SYMBOLS (Continued) 
8 

# 

E qua t ion 
Symbol 

k 

ka ir 

yn 

m 

m l  

m0 

M 

Mvap 

Mcn 

n 

Nu 

'e 

p, 

'vap 

Program 
output 
Symbol 
- 

K 

KM 

MASS 

M 1  

MO 

M 

MVAP 

MACH 

N 

PE 

PINF 

PVAP 

Dimens ions 

kcal/m°K s e c  

kcal/m°K s e c  

kg 

kg/kg mole 

kg/kg mole 

kg/m sec2  

kg/m sec2  

kg/m sec2  

Des c r  i p  t ion 

~ ~~ ~~~~ 

thermal conduct ivi ty  of the  body 
ma te r i a l  

thermal conduct ivi ty  of a i r  

non-dimens iona l  v e l o c i t y  grad ien t  
a t  ou te r  edge of boundary layer  

mass of the body 

constant  i n  vapor pressure 
func t ion  

i n i t i a l  mass of the body 

molecular weight of a i r  ( f r ee  
s tr eam) 

molecular weight of the  gas 
vaporized 

f 1 igh t  mach number 

the  r e f r a c t i v e  index 

Nussel t  number 

pressure  of a i r  a t  the  ou te r  
edge of boundary layer  

pressure  of a i r  ( f r e e  stream) 

vapor pressure  of vaporizing gas 

ii 

v i  
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Equation 
Symbol 

DEFINITION OF SYMBOLS (Continued) 

Program 
output 
Symbol 

PVAPS 

QARO 

QW 

RFO 

RFT 

RE 

R ( E m  

TlME 

DT 

T 

TP 

TP2 

DTDT 

TINF 

Tw 

Dhens  ions 

kg/m sec2  

kcal/m2 sec 

kcal/m2 sec 

m 

m 

sec  

sec  

OK 

OK/m 

OK/m2 

OK/sec 

OK 

"K 

Des c r  i p  t ion 

equi l ibr ium vapor p re s su re  of 
vapor i z  ing gas 

aerodynamic heat ing r a t e  f o r  zero 
vapor iza t ion  

r a d i a t i v e  hea t  f l u x  r a t e  from the  
body w a l l  

i n i t i a l  rad ius  of the body 

instantaneous rad ius  of the  
sphe r i ca l  body cap 

Reynolds number based on i n i t i a l  
body diameter 

e f f e c t i v e  r e f l e c t i v i t y  of the 
su r f  ace 

time 

time g r i d  i n  d i f f e rence  method 

temperature 

temperature grad ien t  i n  Y-d ire c- 
t i o n  

second der  iva t ive  of temperature 

de r iva t ive  of temperature wi th  
respec t  t o  time 

f r e e  stream temperature 

sur f  a ce tempera t u r  e of body 

v i i  



Equation 
Symbol 

TO 

Te 

U 

d U / d t  

V 

dV/dt 

V 

VW 

vW 

W 

dW/dt 

WC 

Y 

@Y 

DEFINITION OF SYMBOLS (Continued) 

Program 
output 
Symbol 

TO 

TE . ' 

UINF 

D U / D t  

V I N F  

D V / D t  

V 

W I N F  

D W / D t  

Y 

DY 

Dimens ions 

O K  

O K  

mlsec 

m/sec2 

mlsec 

m/sec2 

mlsec 

mlsec 

mlsec 

mlsec 

m/sec2 

mlsec 

m 

m 

v i i i  

Description 

~- 
temperature of body a t  i n i t i a l  
time 

temperature of a i r  a t  outer  edge 
of boundary layer  

hor izonta l  f r e e  stream ve loc i ty  
c omp one n t 

de r iva t ive  of f l i g h t  v e l o c i t y  
component with respec t  t o  time 

v e r t i c a l  f r e e  stream ve loc i ty  
compo ne n t 

de r iva t ive  of f l i g h t  v e l o c i t y  
component with respec t  t o  time 

a b l a t i o n  r a t e  

vapor iza t ion  r a t e  vw = v(Y=O) 

t o t a l  a b l a t i o n  r a t e  a t  each time 
vw = v(Y=Yo) 

f r e e  stream f l i g h t  speed 

a c c e l e r a t i o n  

c i r c u l a r  speed of the  e a r t h  

coordinate  measured from body 
s u r f  ace  

d i s  tance g r id  i n  d i f f e rence  
method 



Equation 
Symbol 

DEFINITION OF SBBOLS (Continued) 

Program 
output  
symbol 

YB 

YS 

YSW 

ALF 

ALFA 

ALFV 

E 

PHI 

Mu 

MUE 

MUINF 

RHO 

RINF 

RHOE 

Dimens ions 

m 

m 

m 

m 

1 /m 

1 /m 

degrees 

kg/m s e c  

kg/m sec 

kg/m sec 

kg/m3 

kg/m3 

Descript ion 

upper l i m i t  of i n t e g r a l  i n  hea t  
balance equation 

poin t  i n  the  body where no melt-  
ing occurs 

thickness  of body material l o s t  
due t o  a b l a t i o n  

thickness  of body material l o s t  
due t o  vapor iza t ion  

r ec ip roca l  r a d i a t i o n  mean f r e e  
path 

absorp t ion  c o e f f i c i e n t  

vapor iza t ion  c o e f f i c i e n t  

emiss iv i ty  constant  of the 
opaque body ma te r i a l  

angle  of a t t a c k  measured from 
hor izonta l  

v i s c o s i t y  of the body material 

v i s c o s i t y  of a i r  a t  ou ter  edge 
of boundary l aye r  

v i s c o s i t y  of a i r  ( f r e e  stream) 

dens i ty  of the body material 

dens i ty  of air  ( f r ee  stream) 

dens i ty  of a i r  a t  t h e  outer  
edge of boundary l aye r  

i 

i x  



, 

Zqua t ion 
Symbol 

DEFINITION OF SYMBOLS (Continued) 

Program 
output 
Symbol 

TAW 

SI 

INT 

BETA1 

DF 

Dimens ions 

kg/m2 sec" 

O K  m/sec 

Des c r  i p  t ion 

shear ing s t r e s s  a t  w a l l  divided 
by x 
hea t  blockage f a c t o r ,  a cor- 
r e l a t i o n  func t ion  derived from 
so lu t ions  t o  the boundary l aye r  
equations 

value of i n t e g r a l  i n  hea t  
balance equat ion 

constant  i n  shear  s t r e s s  r e l a t i o n  

see  equgition (A-11)  

4 
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TECHNICAL MENORANDUM X-53427 

A CALCULATION METHOD FOR THE ABLATION OF GLASS-TIPPED BLUNT BODIES 

i 

SUMMARY 

This r e p o r t  p resents  i n  d e t a i l  a ca l cu la t ion  method t o  compute the  
t r a j e c t o r y  and a b l a t i o n  c h a r a c t e r i s t i c s  a t  the  s t agna t ion  po in t  of a 
g l a s s  sphere en ter ing  i n t o  the atmosphere of the e a r t h  from an  a r b i t r a r y  
poin t  i n  space. The underlying equations employed by the  method include 
the  t r a n s i e n t  e f f e c t s ,  i n t e r n a l  r ad ia t ion ,  melting and nonequilibrium 
vapor iza t ion  of the  g l a s s - l i qu id  layer.  
For t ran  I V  language and a de ta i l ed  descr ip t ion  of the prepara t ion  of 
input  f o r  t h i s  program a r e  included. 
a b l e  t o  the  s tudy of t e k t i t e s  and t h e i r  atmospheric entry.  
and program could e a s i l y  be a l t e r e d  t o  ca l cu la t e  the a b l a t i o n  a t  the  
s t agna t ion  poin t  of a sphe r i ca l  g l a s s  t i p  on a missile-shaped body. 

A computer program w r i t t e n  i n  

The program is p a r t i c u l a r l y  appl ic -  
The method 

I. INTRODUCTION .- 

A g r e a t  many inves t iga t ions  have been conducted i n  the  p a s t  e igh t  
years  t o  determine the  ab la t ion  of bodies en ter ing  the  e a r t h ' s  atmosphere 
a t  hypersonic speeds. For g lassy  or quar tz - l ike  ma te r i a l ,  the  a b l a t i o n  
follows a process of both melting and vaporizat ion.  
obtained the  f i r s t  exact  numerical so lu t ion  f o r  the  s teady  state abla-  
t i o n  of g l a s s - l i ke  ma te r i a l  a t  the  s tagnat ion  poin t  of a body subjected 
t o  hypersonic f l i g h t  conditions.  H i s  method is  l imi ted ,  however, i n  
that i t  accounts f o r  melting only,  and even f o r  t h i s  r e s t r i c t e d  case,  i t  
is  very  d i f f i c u l t  t o  employ. Bethe and Adams [2] ,  Few and Fanucci [ l o ] ,  
Scala  [14], and many o thers  presented quasi-steady so lu t ions  that accounted 
f o r  bo th  melt ing and vaporizat ion.  Adams [l] presented a ca l cu la t ion  
method that employed a f i n i t e  d i f fe rence  procedure. 
accounted f o r  the  t r a n s i e n t  e f f e c t s  of the a b l a t i o n  problem which 
included both melt ing and vaporizat ion e f f e c t s .  Scala and Vidale [16], 
who considered the  nonequilibrium e f f e c t s  of vapor iza t ion  i n  the quasi-  
s t eady  approximation found that, when a ma te r i a l  i s  subjected t o  severe 
hea t ing  condi t ions,  the n e t  r a t e  of ab la t ion  due t o  vapor iza t ion  may be 
d i f f u s i o n  cont ro l led ,  kinematical ly  l imi ted ,  o r  both. 
developed a method f o r  ca lcu la t ing  the ne t  r a d i a t i v e  f l u x  wi th in  a semi- 
i n f i n i t e  body which emits,  absorbs, and s c a t t e r s  t h i s  r a d i a t i o n  and which 
a l l o w s  some r a d i a t i o n  t o  escape from i t s  surface.  
presented a condensed account of a nonsteady ca l cu la t ion  method which 

Sutton [15] i n  1958 

This procedure 

Kadanoff [9] 

Chapman [3] i n  1963 



accounts f o r  mel t ing,  vapor iza t ion ,  and i n t e r n a l  t r anspor t  of r a d i a n t  
energy. Chapman includes approximately the  e f f e c t s  of the presence of 
O2 and hence production of the S i0  vapor as given by Hidalgo [71.  

A f in i t e -d i f f e rence  method is presented f o r  the  so lu t ion  of the 
a b l a t i o n  problem i n  the v i c i n i t y  of the s tagnat ion  poin t  which accounts 
f o r  t r ans i en t  e f f e c t s ,  nonequilibrium vaporizat ion,  and i n t e r n a l  rad ia-  
t i o n  f o r  a sphe r i ca l ly  o r  hemispherically shaped body composed of a 
g lassy  o r  quar tz - l ike  ma te r i a l  t h a t  mel ts  and vaporizes.  The equations 
developed by Chapman [41 f o r  en t ry  i n t o  a p lane tary  atmosphere a r e  
employed in  t h i s  ca l cu la t ion  scheme t o  compute the t r a j e c t o r y  of the 
body enter ing the ea r th ’ s  atmosphere. 
ing sec t ions  of t h i s  paper a r e  a system t h a t  m u s t  be ca lcu la ted  f o r  each 
time s t e p  and a r e  presented i n  the order  of computation i n  the  scheme. 
A t  each time s t e p ,  t he re  is an  i t e r a t i o n  involving Tw ( the sur face  
temperature) such t h a t  a hea t  balance equation a t  the  sur face  is  satis-  
f ied.  

The equations given i n  the  follow- 

” 
a 

I 
i 

A computer program w r i t t e n  i n  For t ran  I V  language f o r  the equations 
i n  t h i s  repor t  i s  presented i n  the appendix. This program i s  designed 
t o  ca lcu la te  the t r a j e c t o r y ,  temperatures, and a b l a t i o n  h i s t o r y  a t  the 
s tagnat ion  poin t  of a sphere or  hemisphere composed of a g l a s sy  ma te r i a l  
which is enter ing i n t o  the  atmosphere of the ea r th .  The prepara t ion  of 
16 input  data  cards is  required f o r  each p a r t i c u l a r  example t o  be com- 
puted. 
Space F l igh t  Center is  approximately one cent  per  time s t e p  f o r  the  case 
without i n t e rna l  r a d i a t i o n  and 2.5 cents  per time s t e p  f o r  the  case wi th  
i n t e r n a l  rad ia t ion .  

The cos t  of running t h i s  program on the 7094 computer a t  Marshall f 

$ 

The author i s  indebted t o  M r .  Verkuel Eubanks of the  Computation 
Laboratory, General E l e c t r i c  Company, Huntsv i l le ,  Alabama f o r  the  d e t a i l e d  
programing and valuable  suggestions concerning the numerical so lu t ion  of 
t h i s  problem. 

11. INITIAL CONDITIONS AND CALCULATION PROCEDURE 

The entry i n t o  the ea r th ’ s  atmosphere begins a t  an  i n i t i a l  a l t i t u d e  
H, (an input va lue ,  usua l ly  150,000 m ) ;  i . e . ,  t = o when H = Ho. Other 
i n i t i a l  conditions which m u s t  be given a r e  angle  of a t t a c k ,  go, i n i t i a l  
f l i g h t  ve loc i ty ,  Wo, rad ius  of the sphere o r  hemisphere, rfo,  and the 
physical propert ies  of the body. The prepara t ion  of these  input  da t a  
f o r  the computer program i s  out l ined  i n  Appendix B. A t  the  i n i t i a l  time 
i t  i s  assumed t h a t  the body has a uniform temperature To = 300°K through- 
out  the body. 

2 
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The d i f f e r e n t i a l  equations descr ibing the flow of the  viscous g l a s s  
layer  i n  the  v i c i n i t y  of the s tagnat ion  point  a r e  given i n  Appendix A 
of t h i s  paper. The mathematical procedure solves  each of these th ree  
bas i c  conservation equations by taking small step-by-step increments i n  
time. The equations presented in  the following sec t ions  are a system 
t h a t  must be ca lcu la ted  f o r  each time s t ep ;  i t  i s  assumed t h a t  the  cal-  
cu la t ions  a r e  being ca r r i ed  ou t  a t  time t and that the  s o l u t i o n  i s  known 
a t  time t - At. I n  order fo r  convergence of the  forward d i f f e rence  pro- 
cedure i n  the  so lu t ion  of the t r ans i en t  energy equation, the  following 
r e l a t ionsh ip  between g r id  and mater ia l  p roper t ies  mus t  be s a t i s f i e d :  

) 

where the  ma te r i a l  p roper t ies  p, cp, and k a r e  assumed constant  and not 
a funct ion of temperature. I f  the above r e l a t ionsh ip  is  not s a t i s f i e d ,  
the  program w i l l  solve the equation with the  equa l i ty  s ign  f o r  AY, and 
the  ca l cu la t ion  w i l l  continue. 

The computer program contains an opt ion  of whether t o  account f o r  
o r  d i s regard  the  e f f e c t s  of i n t e r n a l  r ad ia t ion .  The f i r s t  page of the 
computer output  is pr in ted  f o r  the  appropriate  case as: 

(a) THE ABLATION PROGRAM WITH INTERNAL RADIATION 

(b) THE ABLATION PROGRAM WITHOUT INTERNAL RADIATION. 

The case without i n t e r n a l  r ad ia t ion  assumes the body t o  be composed of 
an opaque ma te r i a l ,  and only heat  radiated away from the  sur face  is 
accounted fo r .  The case with in te rna l  r a d i a t i o n  uses the  equations 
derived by Kadanoff [9 ] .  

Calculat ion by the  computer program ends when one of the following 
condi t ions a r e  m e t :  

(1) The body reaches the surface of the e a r t h  (H 5 0). 

(2) The body is d iss ipa ted  due t o  ab la t ion .  

(3)  The a l t i t u d e  H exceeds a predetermined maximum. This is 
t o  avoid a body from bouncing out  of the  ea r th ' s  atmosphere 
and continuing indef in i te ly .  

( 4 )  The f l i g h t  time reaches a predetermined l i m i t .  

(5) An e r r o r  condition ex i s t s .  

3 



I n  each case a n  appropr ia te  message i s  p r in t ed  explaining the reason f o r  
terminat ing the  ca lcu la t ion .  

The program allows f o r  up t o  thrge  d i f f e r e n t  time s t eps  and p r i n t  
f requencies  during any one run. For ins tance ,  l e t  At  be the d e l t a  time, 
Tm be the upper time l i m i t  a t  that time s t e p ,  and Mp be an in teger  
denoting the number of time s teps  between p r i n t s .  

T 
m l  

T 
m2 

Tm3 

Time S t e p  Maximum Time P r i n t  Frequency 

- 
e tc .  
time f o r  the e n t i r e  run  and s e l e c t s  the  l a r g e s t  At values  t o  check the 
g r i d  r a t i o  d i s c u s s e d  above. 
At constant  throughout a run, i t  is b e s t  t o  s e t  Tm, equal t o  end of 
f l i g h t  time and Tm2 and Tm3 equal t o  0. 

The p;$gram s e l e c t s  the  l a r g e s t  of the  Tm values  as the &ximum 

I f  one wants t o  hold the p r i n t  i n t e r v a l  and 

The program would use a At  of At l  
ing every Mp, s teps .  The program 

between t i m e  = 
would then use 

M 
P 1  

M 
p2 

MP 3 

0 and time = Tm,, p r i n t -  
J. 

At2 between Tm, and Tm,, 

The subsequent s ec t ions ,  which g ive  the equations used i n  the  ca l -  
cu la t ion  method, a r e  presented i n  the  order  t h a t  the computer program 
a c t u a l l y  solves  the problem. Since most of t he  underlying a n a l y s i s  of 
the equations i s  wel l  known, they a re  presented i n  t h e i r  f i n a l  form. 
Many of the r e l a t i o n s  were taken from other  re ferences  dea l ing  wi th  
aerodynamics, ab la t ion ,  and boundary l aye r  theory.  

The computed r e s u l t s  by t h i s  program f o r  a t y p i c a l  atmospheric 
en t ry  of an i n i t i a l l y  spherical-shaped t e k t i t e  are shown i n  Figure 1. 
The i n i t i a l  f l i g h t  conditions and physical  p rope r t i e s  f o r  t h i s  example 
a r e  

(1) case wi th  i n t e r n a l  r a d i a t i o n  

(2) % = 150,000 m 

(3)  Wo = 11,200 m/sec 

( 4 )  go = -20" 
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. . (5) rfo = .01 m 

(6) k = 3.75 x kcal / (m OK sec) 

~~ 

ion  (see equation (78 )  I 

( 7 )  p = 2400 kg/m3 

( 8 )  

( 9 )  h+= 3050 kcal/kg 

cp = .34 kcal/(kg OK) 

(10) \ap = 40.278 kg/kg-mole 

(11) constants i n  v iscos i ty  func 

B 1 =  .1 

B2 = 27,620 

B3 = 262 

B4 = -9.09 

( 1 2 )  constants i n  equilibrium vapor pressure function (see 
equation (80)) 

A1 = 101,325 

A 2  = 0 

A 3  = -57,800 

A4 = 19.1 

(13) = .28 

(14) = 00 

(15) a = 1900 l/m 

(16) CIA = 285 l/m 

( 1 7 )  n = 1.5 

(18) Reff = - 2  

5 
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. 111. RADIUS OF CURVATURE OF THE FRONT FACE OF THE BODY 

A t  the i n i t i a l  time, the body i s  assumed t o  be e i t h e r  a sphere o r  
hemisphere. During the en t ry  of the body i n t o  the  atmosphere, the 
r a d i u s  of curvature  r f ( t )  va r i e s  with the ex ten t  of ab la t ion  Ys(t). 
For bodies where the ablated thickness Ys(t)  i s  small compared t o  the  
i n i t i a l  r a d i u s  of curvature r f ( t )  such a s  the a b l a t i o n  of the f r o n t  
face of a b lun t  mi s s i l e  body, the va r i a t ion  of r ( t )  can be neglected 
i n  the ca l cu la t ion  scheme. 
the ab la t ion  thickness is comparable t o  the body rad ius ,  the v a r i a t i o n  
of r f ( t )  is important and therefore  mus t  be determined a t  each time 
s t ep .  Two methods of determining t h i s  rad ius  of curvature a r e  given 
below. One method (Method 1) gives r e s u l t s  which overestimate the  
t o t a l  mass l o s t  and the o ther  method (Method 2) probably underestimates 
the t o t a l  mass l o s t .  The program is coded such that e i t h e r  method can 
be used i n  the  ca l cu la t ion  scheme. 

For small bodies suc i as t e k t i t e s  where 

A. Method 1 

This method assumes t h a t  the mass l o s t  by the body is t he  mass 
l o s t  due t o  both melting and vaporization; i . e . ,  the  ma te r i a l  tha t  is 
melted and vaporized i s  removed from the body. 
is shown i n  the  following i l l u s t r a t i o n  (Figure 2). 

The assumed body shape 



The r ad ius  of curvature  i s  given by 

r f ( t )  = rf  + - 1 y: 
2 r  - Y s y  

0 f0 

where the t o t a l  thickness  along the a x i s  of symmetry t h a t  i s  l o s t  up 
t o  the time t d u e  t o  the a b l a t i o n  i s  

Ys(t)  = - f v  m d t  

0 

and v m ( t )  is  the instantaneous a b l a t i o n  ve loc i ty .  When the  condi t ion 
Y s ( t )  2 rfo is m e t ,  the  computer program is coded such t h a t  the calcula-  
t i o n  s tops  and a message is pr in ted  out  denoting t h a t  ha l f  (a l l )  of the 
sphere (hemisphere) has been d i s s ipa t ed  due t o  ab la t ion .  

B. Method 2 

Chapman [ 3 ]  i n  h i s  experimental s t u d i e s  on the a b l a t i o n  of a 
t e k t i t e  g l a s s  sphere placed i n  a hyperveloci ty  a r c  j e t ,  found t h a t  the 
melting begins a t  the s t agna t ion  poin t  where the hea t ing  is  most severe 
and the molten ma te r i a l  flowed around the sphere and s o l i d i f i e d  on top 
of the o r ig ina l  sphe r i ca l  sur faces .  The mathematical model f o r  t h i s  
body shape is shown i n  Figure 3 .  
the  body i s  the m a s s  l o s t  due t o  vapor iza t ion  only and t h a t  the mass 
melted is  equal t o  the mass of the f langes.  
ing empirical  r e l a t i o n  f o r  the r a d i u s  of curvature  r f ( t )  as a func t ion  
of ab la ted  thickness Ys ( t )  from the experimental r e s u l t s :  

It is  assumed that the mass loss of 

Chapman der ived the follow- 

l0Ys ( t)  Y , ( t )  
r ( t)  = r f  (1 + .5 ! 1 - exp (- r f  )] - . 3 2 - ( 7 - ; - - ) )  . 

0 0 
f 0 L. (3) 

The thickness of body ma te r i a l  t h a t  has been l o s t  due t o  vapor iza t ion  
is 

= - f v d t ,  
y"W W 

0 

a 

( 4 )  



. 
* 

where v,(t) i s  the instantaneous vaporization rate a t  the surface of 
the body a t  the stagnation point. 

C. Calculation of the Body Thickness 

The thickness of the body S( t )  measured along the axis  of 
symnetry i s  given a t  each time by 

I 

S( t )  = L(t) m. 

. 
9 



The i n i t i a l  thickness  of the body is given by s 0 = L, . m. . 
I 

where i = 1 f o r  a hemisphere and i = 2 f o r  a sphere. The computer 
program approximates the funct ion L ( t )  by taking i t  as the in t ege r  p a r t  
of the number 

Therefore, L ( t )  + 1 is the number of po in ts  Y along the a x i s  of symmetry 
t h a t  a r e  considered i n  the ca l cu la t ion  a t  time t. 

IV. THE TRAJECTORY OF THE ENTRY BODY 

By neglect ing the la te ra l  forces ,  Chapman [ 4 ]  s tudied  the  descent  
of a body i n  a meridian plane of a s p h e r i c a l l y  symmetric atmosphere 
about a sphe r i ca l ly  symmetric p lane t .  
v e l o c i t y  components are  shown i n  Figure 4 .  

The coordinate  system and 

Flight Path 7 

V < 0 for Descending Flight 
w cos t$ 

. 
Figure 4 .  Coordinate Sys tem f o r  Tra jec tory  Calcu la t ions  

10 



* For a sphe r i ca l  body the r e s u l t i n g  equations of motion a r e  as follows: . 
dU(t) = - U ( t )  V ( t )  - -  [- C,(t) ( U2(t) + V 2 ( t ) )  

dt  H(t) + Rsea l e v e l  

= = - g,(t) + U2(t) 

d t  H(t) + Rsea l e v e l  

where 

(a) H ( t )  = H ( t  - At)  + V(t) . A t  i s  the l o c a l  geometric a l t i t u d e .  

p(t) + Rsea is the l o c a l  value (b) gm(t) = gsea l eve l  \ R~~~ level 

of g r a v i t a t i o n a l  acce lera t ion .  

%ea l e v e l  

Rsea level = 6,380,000 m and 

= 9.80665 m/sec2 f o r  the system of u n i t s  used here in .  

(c) 

(d) 

p,(t) = the  dens i ty  of air i n  f r e e  stream, a func t ion  of H ( t ) .  

p = the  dens i ty  of the-body mater ia l  

(e) cD(t) = the  drag coe f f i c i en t .  

11 



The ordinary d i f f e r e n t i a l  equations (5a) and (5b) a r e  numerically solved 
by the method of Runge-Kutta a t  each time t f o r  the f l i g h t  v e l o c i t y  com- 
ponents U(t) and V ( t ) .  To avoid including the above d i f f e r e n t i a l  equa- 
t i ons  i n  the i t e r a t i o n  procedure f o r  the sur face  temperature T w ( t ) ,  i t  
is assumed t h a t ,  i n  (5a) and (5b), vw( t )  = vw(t  - At)  and m ( t )  = m ( t  - A t )  
which i s  a good approximation due t o  the smallness of the time s t e p  At.  

Relations f o r  the drag c o e f f i c i e n t  C D ( t )  f o r  a sphere and a hemi- 
sphere were derived by empir ica l ly  f i t t i n g  curves from various sources.  
These formulas f o r  d i f f e r e n t  f l i g h t  conditions and regimes (see Sec- 
t i o n  VIB) a re  as follows: 

Molecular Flow Regime (H > HT) f o r  Spheres and Hemispheres 

- -  - 2.85 + 1.68 
‘D M co 

(1) 0 5 M, 5 9 ;  

Continuum Flow Regime (H < HT) f o r  Spheres 

(1) 0 5 M, 5 .8; CD = .5 

(2) .8 < M ,  5 1.26; CD = .812 M, - .023 

(3) 1.26 < M ,  5 2.0; , CD = 1.034 - .027 M, 

Continuum Flow Regime (H < H r )  f o r  Hemispheres 



The f r e e  stream Mach number and Reynolds number a r e  given by 

where the atmosphere proper t ies  p,, am, Tm, and prn are given as a func- 
t i o n  of the f l i g h t  a l t i t u d e ,  H. The computer program employs a sub- 
rou t ine  that contains a t ab le  of atmospheric proper t ies  taken from 
Reference 17. This subroutine in te rpola tes  the t ab le  f o r  the proper t ies  
a t  the  given value of H f o r  each time. 
f e r e n t i a l  equations (5a) and (5b), the following r e l a t i o n s  a r e  calculated:  

After  so lu t ion  of the two d i f -  

(a) The r e s u l t a n t  ve loc i ty  

W(t) = JU2( t )  + v q t )  . (8  1 

(b) The angle of a t t a c k  (see Figure 4) 

(c) The acce le ra t ion  of the body 
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V. PROPERTIES OF A I R  BEHIND THE NORMAL SHOCK 8 

Stagnation poin t  proper t ies  of a i r  behind the  normal shock, o r  a t  
the outer  edge of the a i r  boundary l aye r ,  t h a t  a r e  needed i n  the  abla-  
t i o n  problem a r e  approximated by curve f i t s  of curves and tabulated da ta  
f o r  a i r  i n  thermal and chemical equi l ibr ium published i n  Reference 8 .  
The proper t ies  and t h e i r  respec t ive  curve f i t s  a r e  as follows: 

- =  Te Te Teideal  
TaJ Teideal TaJ ' 

whe r e 

A .  Temperature 

(1) For W > 2100 (m/sec) and Moo < 35,  

M2 Teideal = + - co 

TaJ 5 '  

The r a t i o  of real  t o  idea l  gas e f f e c t s  i s  given by 

T e  

T e i d e a l  
= do + dl& + d& + d& + d& + d&, 

where 

do = 4.016949 - 1.49287 x H 

d l  = -.895475 + 4.51127 x 10'" H 

d2  = 9.28796 x - .54521 x 10'" H 

d3  = -4.746323 x 

dq = 11.6111955 x 10'' - 7.96241 x 10-l' H 

d5  = -10.86105 x 

+ 3.05088 x loe8  H 

+ 7.84415 x lo''* H 

and H = H(m) is the  f l i g h t  a l t i t u d e .  

14 



, 
4 

r 

(2) For W 5 2100 (m/sec) and Mw < 35, 

le = 1. 
Teideal  

(3) For I+& 2 35, 

e T - = 45. 
TW 

B. Density 

(1) For W > 2100 (m/sec) and M, < 35, 

Pe 

Peideal 

',ideal 

PIX ' 

where 

i d  ea 1 Pe 

i s  given by one of the two following r e l a t i o n s  depending on Q: 

f o r  M, 2 1. 

"ideal = ( 1 + -  M35'2 
PW 

(b 1 fo r  Mw < 1. 

15 



The r e l a t i o n  f o r  the r a t i o  of r e a l  t o  the ideal  gas value is  given by 

where 

Zo = .269623 - 2.47746 x 

Zl = .1975914 + 7.249941 x S 

2, = -1.334415 x 10'" - 6.96885 x 

S 

S 

= 5.06022 x + 3.2325 x 10'' S 

54 = -.832101 x 10'' - 6.34127 x S 

= 3.569058 x l o m 8  + 3.77445 x 10'' S 

and S = H/1000. 

(2) For W 5 2100 (m/sec) and M, < 35, 

= 1. 'e 

Peideal 

(3) For M, 2 35, 

Pe - = 20. 
oca 

. 

c 

. 
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C. Pressure 

(1) For W > 2100 (m/sec), 

- =  'e 'e ',ideal 

' 0 0  ',ideal 00 
P 2 

where 

is given by one of the two following r e l a t i o n s  depending on I$,,: 

Peideal  = ( 1 + -  :)712 for  M, < 1. 
PW 

(b 1 (24) 

The r e l a t i o n  f o r  t he  r a t i o  of r e a l  to the idea l  gas value is given by 

P 

where 

Co 1.0099865 - 2.722132 x H 

C 1  = -4.9934 x + .83986 x H 

C2 = 19.39623 x - .860322 x H 

17 



C3 = -13.93188 x + .419534 x H 

C4 = 4.116558 x - .97149 x lo-'' H 

C5 = -4.41709 x -k .856262 x 10-l' H. 

(2) For W 5 2100 (m/sec), 

P 
e = 1. 

P e i d e a l  

D. The Nondimensional Veloci ty  Gradient 

(1) For W > 2100 ( d s e c )  and M, < 35, 

where 

and 

K,,, = ho + hlbu + h2bz + h3bi, 

b U - l O O O -  - w 5  

ho = -.1325 x lo-* S + .868 

hl = -3.98 x S - .09081 

h2 = 1.2245 x S + .022684 

h3  = -1.0185 x S - 1.637 x 

(2) For W 5 2100 (m/sec) and M, < 35, 

% = 1.05. 

(3) For M, 1 35, 

% = .63. 
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. .  . 

VI .  THE SOLUTION OF THE ABLATION PROBLEM 

A. The I t e r a t i o n  Procedure t o  Determine the  Wall Temperature 

The sur face  temperature, T,, i s  determined by an i t e r a t i o n  
procedure which is s a t i s f i e d  when the hea t  balance equation a t  the sur-  
face-a i r  i n t e r f a c e  is s a t i s f i e d .  The f i r s t  guess a t  time t f o r  Tw is  

It is desired t o  f ind  a value of Tw which w i l l  s a t i s f y  the hea t  balance 
equation (67). 
s a t i s f y  the r e l a t ionsh ip ,  one can ge t  a good approximation of the  value 
of Tw by p l o t t i n g  Tw vs  E, where E is the e r r o r  i n  equation (67), and 
f ind ing  the poin t  where the  e r r o r  would be zero. 

After  a t  l e a s t  two values of Tw a r e  t r i e d  and d o  no t  

E 4  

It is  not  necessary that the  e r r o r  be of opposi te  s ign ,  not is i t  neces- 
s a ry  t o  use a higher order  in te rpola t ion ,  s ince  the  f i r s t  guess w i l l  be 
very  good and the second guess w i l l  y i e ld  an E of opposi te  s i g n  or c lose r  
t o  zero. This can be done because the left-hand s i d e  of (67) monotonically 
increases  and the right-hand s i d e  of (67) monotonically decreases wi th  an 
increase  i n  the s i z e  of Tw. By put t ing a s t r a i g h t  l i n e  TW = a + bE which 
goes through the  points  E land  EE, we can g e t  the  next guess f o r  Tw by 
eva lua t ing  the equation Tw = a + bE This reduces the problem 
t o  f ind ing  "a" s ince  Tw = a f o r  E = 0. 

f o r  E = 0. 
Using Kramer's r u l e ,  

Twl = a + bE, 

Tw2 = a + bE2 

Twl E 2  - Tw2 E l  
a =  

E 2  - El 
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For subsequent i t e r a t i o n s ,  the las t  two points  w i l l  be used. Care mus t  
be taken t o  avoid l e t t i n g  E2 - E, become too small, causing overflow. 
The program includes a t e s t  such t h a t  a guessed value of Tw would never 
y i e ld  a vapor pressure Pvap(Tw,t) 1arg;r than the pressure i n  the  bound- 
a r y  layer  Pe( t ) .  

I Assumed Altitude Where Slip Flor Regime Storts, HT (!Os m) 

B. Calculation of the Aerodynamic Heat Flux. 

For given values of the  sur face  temperature, f l i g h t  a l t i t u d e ,  
and f l i g h t  ve loc i ty ,  r e l a t i o n s  a r e  given f o r  the  aerodynamic heat  f l u x  
t o  a nonvaporizing w a l l  Gaero f o r  the d i f f e r e n t  f l i g h t  regimes. The 
f l i g h t  regimes, i n  the order  i n  which an ob jec t  en ter ing  the ear th ' s  
atmosphere encounter, a r e  the f r e e  molecule, t r a n s i t i o n ,  s l i p ,  and con- 
tinuum. It w a s  found t h a t  formula (32 ) ,  given below f o r  the aerodynamic 
hea t  f l u x  
i n i t i a l  time when the  objec t  is  i n  the f r e e  molecular regime through the 
t r a n s i t i o n a l  regime. The a l t i t u d e ,  HT, a t  which the  ob jec t  en ters  the  
s l i p  flow regime, i .e . ,  passes from the  t r a n s i t i o n  regime t o  the s l i p  
flow regime, is assumed t o  occur when the Knudsen Number (Kn) reaches a 
value of 0.1. Figure 5 presents  the a l t i t u d e  HT as a funct ion of the 
body rad ius  f o r  the  ea r th ' s  atmosphere. 

employed by Reference 3 was a good approximation from the 

io-* io-' 40° 
Sphere Nose Rodius r 

10 I 

Figure 5. A l t i t ude  Where S l i p  Flow Regime Star ts  
As A Function of Nose Radius 

. . 

, 
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The aerodynamic hea t  f l u x  fo r  the s l i p  flow regime is 
approximated by a smooth t r a n s i t i o n  %om the  t r a n s i t i o n a l  regime, equa- 
t i o n  (32), t o  the continuum flow regime, equation (34). This t r a n s i t i o n  
takes p lace  over a prescr ibed number of time s t eps  beginning a t  the time 
when the  a l t i t u d e  H =,%. 

Relat ions f o r  the aerodynamic hea t  f l u x  taken from various 
sources f o r  the d i f f e r e n t  f l i g h t  regimes a r e  as follows: 

{l) For 150,000 5 H(m) 5 % - Reference 3 found the following 
equation t o  be a good a n a l y t i c a l  representa t ion  of the experimental da t a  
of Reference 6 i n  the  molecular and t r a n s i t i o n a l  flow regimes: 

- - 
qaero qaero - - - - - mol cont - 

qaero9 
qaero Tran 

‘aero 

where caero i s  the  aerodynamic hea t  f l u x  f o r  the f r e e  molecule regime 

given i n  Reference (11) for  a sphere as 
mol 

- 
‘aero = .53733 10-4 p, w - 1.9262 10+3 (q - T,)] (kcal/m2 sec), 
mol 

where p, = p (kg/m3), W = W (m/sec), and T 

aerodynamic hea t  f l u x  i n  the continuum flow 
as 

m 

regime given by Reference 5 

= 23,812.9 J” (W/Wc)3’15 cI : 2) (kcal/m2 sec), (34) 
qa e r  o rf ( t )  

cont  
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where 

397.92346 x 10 l2  
(m/sec) , wc = J  6.37 x l o 6  + H 

and the  enthalpy a t  the  w a l l  $ f o r  a i r  is approximated by 

h = -5.3944 + .24019 Tw + 2.03371 x T: - 2.30515 x 10” TG 
W 

+ ,96954 x T$ (kcal /kg) .  (37) 

(2) Trans i t ion  Regime from S l i p  Flow t o  Continuum Flow - A t  
the f i r s t  t i m e  t ,  when H 5 HT which i s  designated t:, the following 
t r a n s i t i o n  equation f o r  iaero is  introduced. 
time s teps ;  thus,  ten time s t eps  a f t e r  H 5 HT, it is assumed t h a t  the  
re -en ter ing  objec t  i s  i n  continuum flow. 

It is  completed i n  t en  

L e t  t: + 10 At  = tz. 

+ - - 
‘aero ‘aero 

t r a n  

(3) From the t 

- - 
‘aero - ‘aero 

con t trag - 

me t: u n t i l  time tc (t: i s  Lzfined as -he 
f i r s t  time tha t  the r e l a t i o n  W 5 2100 (m/sec) i s -v io l a t ed ) ,  the  con- 
tinuum flow r e l a t i o n  fo r  taero is  used; i . e . ,  

- - 
qaero ‘aero. 

cont 
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(4) From the time tz u n t i l  impact time, the following r e l a -  
t i o n  fo r  the aerodynamic heat  f l u x  which was  taken from Reference 13 
i s  used: 

&caI/m2 sec).  

The thermal conductivity of a i r  a t  the wal l  i s  approximated by 

k = .6716646 x + .2429834 x - 1.811997 x TG w,a i r  

+ 1.3873689 x TZ - .5989437 x TG + 1.0229805 x 

[kcal/  (m°K sec)  3 , (40) 

and the v i s c o s i t y  of a i r  a t  the wall kyair i s  given by the  Sutherland 
law:  

14076303 x (kg/m sec) .  
110 1 +-  
TW 

'w,air =E 

is approximated by the  following curve The r e l a t i o n  f o r  ( N u / c e )  

f i t s  of r e s u l t s  i n  Reference 13: 
Pr=l 

Tw 
Te 

(a) For - < 1.6, 

TW 

Te 
m / x e  1 pr =1 = .705 + .055 -. 
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T W  

Te 
(b) For - 2 1.6, 

(43) 

C. Heat Blockage Factor 

Equations (44) - (48) i n  t h i s  and the  next s ec t ion  a r e  appl ic -  
ab le  t o  the continuum gas dynamic regime. In  the f r e e  molecule flow 
regime, there  i s  no heat  blocking e f f e c t  by the vaporizing spec ies ;  
i . e . ,  J I  = 1. These equations were employed a t  a l l  times i n  the  com- 
puter  program; however, no s i g n i f i c a n t  vaporizat ion w i l l  genera l ly  
r e s u l t  before the continuum flow regime is entered. The hea t  blockage 
factor,according t o  Reference 2,due t o  vapor iza t ion  is 

‘w, eq. 1 -  
Y J I =  r (44) 

where e 9 9.’ 
the  w a l l ,  is given by 

the equi l ibr ium mass f r a c t i o n  of the in jec ted  vapor a t  

1 - - C 
w, eq 

M 

(45 1 

M is the molecular weight of a i r ,  a func t ion  of a l t i t u d e ,  and Mvap is 
the  molecular weight of the  vaporizing gas. 
pressure Pvap i s  given i n  the sec t ion  on ma te r i a l  p roper t ies .  

The equation fo r  the vapor 

D. Ablation Rate a t  the Wall 

The a b l a t i o n  r a t e  a t  the w a l l ,  vw, is due t o  the vapor iza t ion  
process only because the melting component of a b l a t i o n  is  zero a t  the  
w a l l .  By combining the  boundary l aye r  s o l u t i o n  f o r  given i n  Refer- 
ence 2 f o r  a Lewis number of one wi th  Scala’s [16] k i n e t i c  theory 
expression for k, the  following equation f o r  vw r e s u l t s :  
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c 

t 

vm 
OIv 

l - c  + a  
1 

) M + P  M ('e - 'vap vap vap 

I = -  
vw P 

where am is the r e s i s t a n c e  of the mater ia l  t o  the vapor iza t ion  process. 
It is given by Scala [16] as 

(47 1 

where P. (universal  gas constant)  = 8.314 x l o3  kg m2/ (kg mole sec2 OK) 
and 06 is  the vapor iza t ion  coe f f i c i en t .  
equation f o r  vw r e s u l t s :  

When am = 0, the  following 

The computer program i n t e r p r e t s  a zero input  value fo r  a, t o  mean 
OIv = m which due t o  (47) makes a, = 0; thus,  when 
vw is computed by equation (48). 

= 0 is an input ,  

E. The Temperature P r o f i l e  

(a) The sur face  temperature, Twy is given by an  i t e r a t i o n  
process,  Section VI-A. 

(b) The forward d i f fe rence  procedures gives the temperature 
p r o f i l e  f o r  2m 5 Y 5 (L - 1 )  m: 

where U i s  the thickness of the body along the a x i s  
of the symmetric body. 
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The temperature at the last station LLY is given by 

T(LAY,t) = T[(L - 1) LY,t]. ( 5 0 )  

(c) The temperature at Y = AY is given by the following curve 
fit: 

where Yo is a point in the body where the integrand is approximately 
zero; i.e., the material is in a solid state at Yo. The viscosity of 
the material p(Y,t) is given in the section on material properties as 
a function of the temperature T(Y,t). 

I 

(51) 
T(M,t) = j- 1 T(o,t) + T(2A!,t) - 7 1 T(3AY,t). 

F. The Ablation Rate Profile 

After having a complete temperature profile, the ablation rate 
profile can be calculated by the following equation which results from 
the continuity, momentum, and the wall ablation rate equations (see 
Appendix A): 

O Y  

The shearing stress relation is given by 

where 

26 
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and p1 = constant.  
case,  (T~/X) , ,  i s  given f o r  a sphere by Reference 1 2  a s  

The shearing s t r e s s  a t  the w a l l  f o r  the nonvaporizing 

, 

1.5 .75 -447 

( T ~ / X ) ~  = .727 L-;" (1 - -31 [t 21 [s '.I I-I, Te 12 Pe 'b T T:]" r ( t >  

(kg/m2 sec2) , ( 5 5 )  

where p i ( i  = e,w) i s  given by the Sutherland l a w  

14.76303 x (kg/m sec ) .  pi =& 1 I- 110 

G. The Energy Equation 

The de r iva t ive  of the  temperature with respec t  t o  time can 
now be calculated.  

(1) For Y = 0 and Y = lKf,  a T / &  is  approximated by a back- 
wards  d i f fe rence  quot ient .  

aT(Y, t l  - - T(Y,t) - T(Y,t - At) a t  nt (57 1 

(2) For 2AY 5 Y S LAY, 

where the f l u x  of r a d i a t i v e  energy, F, i s  defined by equation (A-11). 
For the  case without i n t e r n a l  rad ia t ion ,  aF/aY = 0. 
t i v e s  of T with respec t  t o  Y i n  equation ( 5 8 )  a r e  given by the follow- 

The second der iva-  

- ing r e l a t i o n s :  
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(a) For Y = 0 and Y = lAY, 

(b) For ZAY 6 Y 6 (L - 1 )  AY, 

9 (60) a2T Y t - T(Y + B , t )  - 2T(Y,t) + T(Y - m,t) +- (m 

and the f i r s t  der iva t ives  of T wi th  respec t  t o  Y a r e  given by the 
f ol 1 owing : 

(a) For Y = 0, given i n  Section VI-H of t h i s  paper. 

(b) For 1AY 5 Y 6 (L - 1 )  AY, 

A t  the  las t  g r i d  po in t  L H ,  both the f i r s t  and second de r iva t ives  of T 
wi th  respec t  t o  Y a r e  zero. 

H. The Heat Balance Equation 

A heat  balance equation a t  the gas- l iqu id  i n t e r f a c e  which 
m u s t  be s a t i s f i e d  a t  each time t i s  now derived,  and is based on the 
f a c t  t h a t  no hea t  can be s tored  a t  the gas- l iqu id  in t e r f ace .  The ne t  
f l u x  of heat  on the  gas  s i d e  of the  i n t e r f a c e  m u s t  equal the  n e t  f l u x  
of hea t  on the l iqu id  s ide .  Hypersonic e n t r y  i n t o  the  e a r t h ' s  atmos- 
phere of a blunt-nosed objec t  generates  a curved detached shock wave 
which r e s u l t s  i n  very la rge  (gas-cap) temperatures.  The r a d i a t i o n ,  
termed here gas-cap rad ia t ion , ,  from the high temperature a i r  i s  approxi- 
mately proportional t o  the  nose r a d i u s  of the  ob jec t .  This hea t  addi- 
t i o n  is  neglected i n  the method presented he re in  s i n c e  we were concerned 
only with objects of very small r a d i u s  such as t e k t i t e  and a u s t r a l i t e  

28 



bodies. 
bodies a r e  being considered. 
amounts of hea t  e i t h e r  a r r iv ing  a t  or leaving the  in te r face :  

However, gas-cap r a d i a t i o n  should be accounted f o r  when la rger  
On the gas s i d e ,  there  a r e  the  following 

(1) the  aerodynamic heat  f l ux  (qaer0 J r )  a r r i v e s  a t  the  i n t e r -  
face,  

a 

(2) the heat  f l u x  taken up by the vaporizat ion process,  
(qvap = -pvw h) leaving the in t e r f ace ,  and 

the heat f l u x  rad ia ted  (qrad) which leaves the in t e r f ace .  

1 

(3) 

The hea t  f luxes on the l i qu id  s i d e  of the in t e r f ace  a r e  

(1) the hea t  f l u x  conducted a t  the in t e r f ace ,  qc = -k(aT/&),, 
and 

(2) the hea t  f l u x  being radiated up t o  the in t e r f ace  from the 
i n t e r i o r  of the body, (qr,d); t h i s  term is  zero f o r  the 
case without i n t e rna l  rad ia t ion .  

Equating the ne t  hea t  f l u x  on the gas s i d e  of the  i n t e r f a c e  with the 
n e t  hea t  f l u x  on the l i q u i d  s i d e  y ie lds  

which can be w r i t t e n  as  

- 
‘aero Jr + pvW hv = -k(aT/au>w. 

For the  case without i n t e rna l  r ad ia t ion ,  t h i s  equation is  

where qrad is  given by Stefan’s  law f o r  emission of energy from the sur-  
f ace  of a body: 

where u = 1.378 x [kcal/m2 ~ e c ( O K ) ~ l .  

. 
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The hea t  conduction term -k(dT/&), i n  equation (63) i s  de te r -  
mined by in tegra t ing  the energy equation (A-3) over Y from Y = 0 t o  y = YB 
where YB i s  any poin t  w i th in  the body. It is b e s t  t o  make YB a t  l e a s t  
equal to  6AY t o  perform the numerical i n t eg ra t ion  involved t o  an  agree- 
ab le  degree of accuracy. In t eg ra t ing  the energy equation (A-3) y ie lds  

* 

yB 
-k (g) = - k  ($$) + pcp 1 (g + v g) dY + Fy - Fwo (66)  

B 
YE3 0 

W 

Combining equations (63)  and (66)  y ie lds  the following equation, which 
is subsequently ca l l ed  the hea t  balance equation: 

For the case without i n t e r n a l  r a d i a t i o n  the  hea t  balance equat ion i s  

The i t e r a t i o n  f o r  Tw is  ended when the  h e a t  balance equat ion is  s a t i s -  
f i e d  wi th in  a prescr ibed tolerance.  

I. Calculat ion of the Mass m ( t )  

The equations presented i n  t h i s  s e c t i o n  a r e  based on the  body 
shapes given i n  Figures 2 and 3 .  

(1) Mass f o r  Method 1 Geometry (see Figure 2)  

For t h i s  method, i t  i s  assumed t h a t  a l l  of the material 
t h a t  melts and vaporizes  is  removed from the body. The equation f o r  
the mass of the body which v a r i e s  with time due t o  the  a b l a t i o n  proces- 
s e s  is 

, 

30 



m ( t )  = mo - psc 2 

where mo is the i n i t i a l  mass of the body. 

(2) Mass f o r  Method 2 Geometry (see Figure 3) 

For t h i s  method it is assumed that 

(a) mass l o s t  = mass l o s t  due t o  vapor iza t ion  and 

(b) mass melted = mass of the two f langes.  

The poin ts  (E1 rll) shown i n  Figure 3 are ca lcu la ted  by 

2 - rz(t) + h2 
r f O  

2h 51 = 

and 

2 
2 [rf, - rz(t) + h2I2 - 

‘f0 4h2 = k > 

where 

h = r f ( t )  - rfo + Ys 

and Ys is given by equation (2).  The rad ius  rf is given by 
V 

1 Q‘l 
rfv = - 2 ( 5 1  + 61) + 2 ( 5 ,  + 61) 

Fjl=r - Y  
fo sw’ 

where Y i s  given by equation (4). 
sw 

(7 3) 

(7 4) 
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, The radius  r f ( t )  i s  given by equation ( 3 ) .  The volume l o s t  due t o  
I vaporizat ion i s  given by 

The mass of the  body a t  time t is  then given by 

where mo i s  the i n i t i a l  mass of the  body. 

V I I .  PHYSICAL PROPERTIES OF THE BODY MATERIAL 

Physical p roper t ies  of the g lassy  ma te r i a l  p e r t i n e n t  t o  the  abla-  
t i o n  problem a r e  the following: 

(a)  The thermal conduct ivi ty ,  k. (kcal/m°K sec ) .  

(b) The dens i ty ,  p. (kg/m3). 

(c) The s p e c i f i c  hea t  a t  constant pressure,  cp. (kcal/kg"K). 

(d) The emiss iv i ty  constant  a t  the sur face ,  E. (-) 

(e) 

( f )  The heat  of vapor iza t ion  , b. (kcal /kg)  . 
The molecular weight of the vaporized gas ,  Mvap. (kg/kg mole). 

(g) The v i s c o s i t y , p  (kg/m sec)  represented by the  func t ion  

. where B 1 ,  B2, B3, and B4 a r e  constants .  
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(h) The vapor pressure Pvap (kg/m sec2) represented by the  follow- 
ing funct ion recommended by Chapman [3] which accounts f o r  vapor iza t ion  
suppress ion by oxygen: 

P =  'e , (kg/m sec2)  
vap (P,/P* )ml 

VaP 

( 7 9 )  

where ml = constant.  
gas P* is  given by 

The equilibrium vapor pressure of the  vaporized 

VaP 

where Al, A2, A3, and A4 a r e  constants.  

( i )  The r e f r a c t i v e  index, n. (-) 

(j) The absorpt ion coe f f i c i en t ,  a ~ .  (l/m). 

(k) The rec iproca l  r a d i a t i o n  mean f r e e  path,  a. (l/m). 

(1) The e f f e c t i v e  r e f l e c t i v i t y  of the sur face ,  Reff .  (-). 
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APPENDIX A 

The D i f f e r e n t i a l  Equations of the  Glass Layer 

The three  d i f f e r e n t i a l  equations descr ib ing  the  viscous g l a s s  l aye r  * 
i n  the v i c i n i t y  of the  s tagnat ion  point a r e  wel l  known. 
of cont inui ty ,  momentum, and energy, where the  re ference  system is 
f ixed  a t  the  s tagnat ion  point ,  w i t h  independent va r i ab le s  X, Y measured 
i n  the  d i r e c t i o n  shown i n  Figure 6 with the  corresponding v e l o c i t y  com- 
ponents a r e  as follows: 

The equations 

Continui ty  

aU av 
x ax ay 
-+-+--0. 

Momentum 

Energy 

Because of the  l a rge  Reynolds number of the g l a s s - l i qu id  l aye r ,  the  
i n e r t i a  terms have been omitted, s ince  they a r e  neg l ig ib l e  i n  compari- 
son t o  the  shear and pressure grad ien t  terms. The v a r i a t i o n  of the 
pressure  i n  the  Y d i r e c t i o n  i s  assumed t o  be zero  which is  cons i s t en t  
w i t h  usual boundary layer  equations. 

I n  the v i c i n i t y  of the s tagnat ion  poin t  the  ve loc i ty  component u 
v a r i e s  l i n e a r l y  with X; i .e . ,  u = cX. 
can therefore  be wr i t t en  as 

The cont inui ty  equation (A-1) 

( A - 4 )  
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which when d i f f e r e n t i a t e d  wi th  r e spec t  t o  Y y i e lds  

In tegra t ing  the momentum equation from the su r face  Y = 0 t o  an a r b i t r a r y  
poin t  i n  the g l a s s - l i qu id  l aye r  y ie lds :  

where 

7 W = - (. Q.  

Subs t i tu t ing  equation (A-5) i n t o  (A-6) y ie lds  

I-1 

(A-7 ) 

(A- 8) 

The Newtonian pressure d i s t r i b u t i o n  y i e lds  the  pressure  term i n  the 
v i c i n i t y  of the s tagnat ion  poin t  as 

In t eg ra t ion  of equation (A-8) twice,  f i r s t  from Yo t o  Y and then from 
zero t o  Y and due t o  equation (A-9) 
a t  Y = Yo r e s u l t s  i n  the  following equation f o r  t he  a b l a t i o n  v e l o c i t y  v 

and the  boundary condi t ion  & / a Y  = 0 

O Y  
(A- 10) 
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The f l u x  of r a d i a t i v e  energy represented by the symbol F which 
appears i n  the energy equation (A-3) i s  given by (see Kadanoff [9] )  

m 
n r 1 

0 

(A- 11) 

where n i s  the r e f r a c t i v e  i n d e x , a A  is  the absorpt ion coe f f i c i en t ,  (J is  
the Stefan-Boltzmann constant,  a is the  rec iproca l  r ad ia t ion  mean f r e e  
path,  and Reff  is the e f f e c t i v e  r e f l e c t i v i t y  of the surface.  

I 

Figure 6. Space Variables (X,Y) and Corresponding Velocity 
Variables f o r  Surface Fixed Reference System 
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APPENDIX B 

The Fortran Program and I ts  Input Data 

A. Preparat ion of the Input Data f o r  the Computer Program 

The computer program and the subrout ines  employed by the pro- 
gram a r e  presented i n  Fortran I V  language i n  Pa r t  B of t h i s  Appendix. 
To r u n l t h i s  program, the following i n p u t  cards mus t  be prepared: 

Card 
No. Columns - 
1 1 In teger  denoting the method (Method 1 o r  Method 2) 

t o  be used fo r  ca l cu la t ing  the f r o n t  face  rad ius  
and mass of the body. Should be 1 f o r  Method 1 
and 2 f o r  Method 2. I1 format. 

2- 3 Not used . 

2 

4 This column i s  used t o  g ive  a l t e r n a t i v e  of whether 
t o  include in t e rna l  r a d i a t i o n  e f f e c t s  (with i n t e r n a l  
r ad ia t ion )  or assume g l a s s  is opaque and account 
f o r  only heat  f l u x  r ad ia t ed  away from the sur face  
(without i n t e rna l  r ad ia t ion ) .  
case without i n t e r n a l  r a d i a t i o n  or  2 f o r  case with 
i n t e r n a l  rad ia t ion .  I1 format. 

Should be 1 f o r  

5-16 Not used. 

17-32 I n i t i a l  body shape, sphere or  hemisphere; should 
be 0 f o r  hemisphere, non-zero f o r  sphere. 

33-48 AY (thickness g r i d  along axis). 

( i n i t i a l  f r o n t  face r ad ius ) .  
r f O  

49- 64 

1-16 Ho ( i n i t i a l  a l t i t u d e ) .  

17-32 W, ( i n i t i a l  ve loc i ty ) .  

33-48 go ( i n i t i a l  en t ry  angle  in  degrees).  

49-64 HT ( a l t i t u d e  where s l i p  flow regime begins,  
see  Figure 5). 
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Card 
No. Columns - 

3 1-16 

17-32 

33-48 

49-64 

4 

5 

6 

65-80 

1-16 

17-32 

1-16 

17-32 

33-48 

49-64 

65-80 

1-16 

17-32 

33-48 

49-64 

k (thermal conduct ivi ty  of body ma te r i a l ) .  

p (densi ty  of body mater ia l ) .  

c 

M (molecular weight of vapor).  

( spec i f i c  hea t  of body ma te r i a l ) .  P 

VaP 

hv (heat  of vaporizat ion of body ma te r i a l ) .  

(vaporizat ion c o e f f i c i e n t ) .  

p1 (constant i n  shear s t r e s s  r e l a t i o n ) .  

A I  (constant  i n  equi l ibr ium vapor pressure 
funct ion) .  

A2 (constant  i 2  equi l ibr ium vapor pressure 
func t ion) .  

A3 (constant i n  equi l ibr ium vapor pressure 
funct ion) .  

A4 (constant i n  equi l ibr ium vapor pressure 
funct ion) .  

ml (constant  i n  vapor pressure r e l a t i o n ) .  

B1 (constant  i n  v i s c o s i t y  funct ion) .  

B2 (constant i n  v i s c o s i t y  funct ion) .  

B3 (constant  i n  v i s c o s i t y  func t ion) .  

B4 (constant  i n  v i s c o s i t y  func t ion) .  
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Card 
No. - 

7 

8 

9 

Columns 

1-16 

17-32 

33-48 

49-64 

65-80 

1-16 

17-32 

33-48 

1-16 

17-32 

33-48 

10 1-16 

17-32 

33-48 

E (emissivi ty  constant of opaque body mater ia l ) .  

a ( reciprocal  r ad ia t ion  mean f r e e  path). 

aA (absorption coe f f i c i en t ) .  

n ( r e f r a c t i v e  index). 

Reff  ( e f fec t ive  r e f l e c t i v i t y  of the  surface) .  

At, ( f i r s t  time s t ep ) .  

Bnl ( f i r s t  maximum time). 

Mpl (p r in t  frequency fo r  f Z r s t  i n t e r v a l ;  
format, r i g h t  adjusted t o  column 36). 

I 4  

At2 (second time s t ep ) .  

Bn, (second maximum t i m e ) .  

Mp2 ( p r i n t  frequency fo r  second i n t e r v a l ;  
format, r i g h t  adjusted t o  column 36). 

I 4  

At3 ( t h i r d  time s tep) .  

Tm3 ( t h i r d  maximum time). 

Mp3 ( p r i n t  frequency f o r  t h i r d  in t e rva l ;  I 4  
format, r i g h t  adjusted t o  column 36). 

Unless s p e c i f i c a l l y  s t a t e d  otherwise, a l l  f i e l d s  a r e  formated E16.8. 
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B. THE FORTRAN PROGRAM AND SUBROUTINES 

C THE ABLATIBN PRBGRAM WITH INTERNAL RADIATIBN BPTIBN 

C SET CBL. 4 0 F  1ST INPUT CARD = 1 I F  N0  INTERNAL RAOIATIBN 
C FBR INTERNAL RADIATIBN*SET C0L. 4 BF 1 S T  INPUT CARD =2 

C I F  INTERNAL RAD BPTIBN €5 USEDtAN E X T R A  INPUT CARD 
C IS REQUIREDvWHICH GIVES THE RADIATIBN CBNSTANTS 
C T H I S  BECBME THE 9TH INPUT CARD. 

ABSF(X)=ABSIX)  
D I M E W I 0 N  R G ( 1 0 0 ) r  R G 1 ( 1 0 O ) , T D ( l O O ) ~ Z ( 1 0 0 )  
REAL M U E ~ K M I M S T A R ~ M ~ ~ ~ M ~ ~ K , K W A I R ~ L H , M X T I M , M U W A I R ~ M U , M V A P ~  

lM009MASS c M 0 1  MUINFI  M t  MUW 

1 (MBB,MBO*MO0 *MOO) * ( PUB# P009 POB*POO) * ( M B  t NO) 9 (TBB9TBOv TQBITOOIT I N F )  
1, ( E60SECf E6BSEC 1 ,  
2 ( P S , P E ) ~ ( T S t T E ) ~ ( R S ~ R H 0 E ~ R H O E ) r ( R H B I N F ~ R H O I N F ~ ~ ~ A 0 0 ~ A B O ~ A O 0 ~ A O D ~ ~  
3 ( T 0 9 T O l ,  ( V I I V W )  

EQUIVALENCE ~ R F B p R F O ) ~ [ V 0 0 ~ V B O ~ V O 0 ~ V O O ~ ~ ( T L I M T ( 2 ) ~ T M L M T ~ l ~ ~ ~  

EQUIVALENCE (HUWAIR,MUAIRI 
DIMENSI0N I P R T ( 3 )  
DIHENSI0N TMLMT( 3) 
DIMENSIBN TL I H T (  4 )  - 

DIMENSIBN RA1100)tRA11100),DFDY(lOO) 
EQUIVALENCE (TL IMT(2 ) ,TMLMT(111  
DIMENSIBN T D T ( 3 ) r  CBFHW(5)9CBFK(6) r T ( 1 0 0 )  r V V ( 1 0 0 ) r  

1 T L A S T ~ 1 0 0 ~ ~ D 2 Y 1 1 0 0 ~ ~ D T D Y ~ l O O ~ ~ Y ~ l O O ~ ~ D T D T ~ l O O ~ ~ D T D T I ~ l O O ~ t  
2 Y 6 ~ 2 0 0 ) ~ T M U ( 2 0 0 ) ~ A R G ( 2 0 O ~ ~ A R G l ( 2 0 0 ~  

DIMENSIPIN P R ( 1 5 )  
DIMENS I 0 N  TABVI ( 3) TABVB( 3) 

3 9 0 0  F0RMATt49X33HMAT€RIAL PRBPERTIES AND CBNSTAYTS// / )  
3 9 0 1  FBRMAT(lOX25HK(THERMAL CBNDUCTIVITY) = 2 3 X E 1 6 . 8 , 2 6 X 2 0 H ( K C A L / M / D E G  K 

lEL/SEC 1 )  

3 9 5 5  FBRMATt / / I / /  1 
3 9 0 3  FBRMAT(1H09X19HCP(SPECIFIC HEAT) =29XE16.8r26X16H(KCAL/KG/DEG K )  1 

3 9 3 2  FBRMAT(lH09X5HDY = E13.698H METERS) 

3 9 0 2  FBRMAT(lH09X14HRHB(DENSITY) =34XEl6.8,26XlOH(KG/M**3) ) 
3 9 2 5  FBRMAT(lH09X25HE ( E M I S S I V I T Y  CBNSTANT) =23XE l6 .8 )  
3 9 0 6  F B R M A T ( l H ~ 9 X l 8 H A L F A V ( V A P  CBEFF) =30XE16.8,26X17HZERB F0R I N F I N I T Y )  
3 9 0 4  FBRMAT(lH09X23HMVAP(MBL WT 0F VAPBR) =25XE16.8,26X12HlKG/KG M 0 L E ) I  
3 9 0 5  FBRMAT(lH09X26HHV(HEAT BF VAPBRILATIBN) = 2 2 X E 1 6 . 8 , 2 6 X 9 H ( K C A L / K G ) )  

3 9 0 7  FBRMAT(lH09X5HYB 4 3 X I 4 t 3 H  DY35XlOH(METERS) 1 
j 9 0 8  FBRMAT(lH09X19HVISCBSITY FUNCTIBN /1H018X27HMU = B l * E X P ( B 2 / ( T - B 3 )  

1+ B4)54X lOH(  KG/M/SEC 1 )  
3 9 0 9  F0RMAT( lH018X5HBl  = E16.82/1H018X5HB2 = E16.8* /1H018X5HB3 = E16.89 

l / l H 0 1 8 X 5 H 8 4  = E16.8) 
3 9 1 0  FBRMAT(lHO9X23HVAPBR PRESSURE FUNCTIBN) 

3911 FBRMAT(lH018X25HPVAP= P E / ( ( P E / P V A P S ) * * M l ) )  
3 9 1 2  FBRMAT(lHOL8X34HPVAPS =Al+EXP(A2/TW**2 +A3/TW +A4)47X13H(KG/H/SEC* 

l * 2 )  1 

l / l H O l 8 X 5 H A 3  = E1608,/1H018X5HA4 = E 1 6 - 8 )  
3 9 1 3  FBRMAT(1HOLBX5HMl = E 1 6 . 8 * / l H 0 1 8 X 5 H A l  = E16.8,/lHD18X5HA2 = E16.8, 

3 9 1 4  FBRMAT( lH050X29HINIT IAL  BBDY GE0METRY METHBD I l * / / / )  
3915 F0RMAT( lH09Xl6HBBDY I S  A SPHERE) 
3 9 1 6  FBRMAT(lH09X20HBBDY I S  A HEMISPHERE) 
3917  FBRMAT(lH09X22HRFE ( I N I T I A L  RADIUS) = 2 6 X E 1 6 . 8 , 2 6 X 8 H ( M E T E R S ) )  
3918  FBKMAT(lH09X22HMB ( I N I T I A L  MASS) = 26XE16.8,26X4H(KGI)  

3 9 2 0  FBRMAT~1H018X21HH ( F L I G H T  ALTITUDE) ‘ 1 8 X t l 6 . 8 , 2 6 X B H ( M E T E K S ) )  
3 9 2 1  FBRMAT(lH018X21HW ( F L I G H T  VELBCITY) = lBXE16 .8*26X7H(M/SEC) )  

3919  F 0 H M A T ( l H 0 5 2 X 2 9 H I N I T I A L  TRAJECTBRY C 0 N D I T I B Y S )  
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___ ~ - - - _ ~ _ - _ _  ____ 
3 9 2 2  FBRMAT'( lH018X23HPHI  (ANGLE-BF ATTACK) =16XE16.8r26X9H(DEGREES) 1 
3923 F0RMATj lHO62X9HGR_ID SILE///) __ - 

3924 FBRMAT(lH09XSHDT = E 1 3 r 6 r 1 6 H  BETWEEN TIME = E14.6r12H AND T IME = E 
114.6r33H WITH A PRINT FREQUENCY BF EVERY I 4 r l l H  TIME STEPS) 

6941 FBRMAT{/ / / lOX35H THIS  RUN WILL TERMINATE AT TIME = E 1 6 0 8 r 4 H  SEC) 
_____ 6931 FBRMAT(lH09X17HALFV (VAP C6E-F 1 =33XBHINFIN ITY 1 _ _ ~ ~  

C B E 6 I N  CALCULATIBNS 
3 969 F 0 RM AT_( E 1638 r E 16-83 I 4 - ______ _ _ _ _ _ _  

3960 FBRMAl(SE16oB) 
1 CBNT INUE 

_ ~ - -  M M = l O  - 

T L I M T ( l ) = O .  
P I =  3.1415927 - __ _ _  - 
G=1.4 

CALL SCL0CK (DATErCTLMErESECrE60SECl 
- _ _  _ _  ~ _ _ ~  _ - _ _  _ _ _ _ ~ _ _ _  

I Y B = ~  
TBn300. 

. - _  4444 F B R M A T ( I l ~ 2 K I l p l 2 X ~ 3 E l 6 ~ 8 )  _ _  

READ (5 r4444)  METHBDpIRADrSPHERErDYIRFB 
C I R A D = 2  F0R INTERNAL RADLATIBN 0 P T I B N  _ -  _ -  - ~- 

C IRAD =1 F0R CASE WITHBUT RADIATIBN 
I F  ( I R A D )  8 0 1 0 ~ 8 0 1 1 ~ 8 0 1 0  

8010 I F  ( IRAD-2 )  8 0 1 3 r 8 0 1 3 ~ 8 0 1 1  
_ -  C I F  IRAD N0T =1 0R 2 SET =1 _ _ _  

8011 IRAD=1 
8013 CBNTINUE - -  . _ _ -  - _  _ _  - _ _ _ ~  

I F  (METHBD-1) 2 3 4 4 e . 2 3 4 5 ~ 2 3 4 4  
C I F  MET H0D NBT EOU A L  1. SE T I T  FOUAL 2 AND CBNTINUF 
C METHBD DEN0TES METHlD T 0  CALCULATE B0DY GEBMETRY 

2 345 C0HT I NUE 
- - - -_ - _ - ~ - - ~  2344 METHBD=2 ~ 

READ (5 ,3960)  H3iWfi.PHI_rHIQ ~~ __ 
READ ( 5 9 3 9 6 0  1 KrRHElrCP* HVAPr HVr ALFVr S E l  

- 

READ (5r3960)  A l . A 7 . A 3 . A 4 . M l * B l . B 2 . 8 3 , 8 4  
READ ( 5 r 3 9 6 0 1  ErALFRrALFArRNrREFF 
SIGMA=. 1378E-10  - _ _ _  
G0 TB ( 8 0 1 5 ~ 8 0 1 6 ) r I R A D  

_ _ -  

_ _ _  - - 8 0 1 6  E=O. - -  

8015 CBNTINUE 
003971 I K A z l r 3  

I Y Z =  I Y 0 + 1  _ 

3 9 7 1  READ(593969)  T D T ( I K A ) , T M L M T ( I K A ) r I P R T ( I K A )  
. _- - _  _ _  _-__ -~ 

CBNST=Z.*RN**Z *ALFA*S IGMA 
_ ~ _ _  _ ~- --- _ _ ~ _ _ _ _ _ _ _ _ _ _ _ _  - KEY=1 - - 

HHAX =H0 +50000. 
R = 8 3  14 0 

AVM =O. 
MXTIM=TMLMT( 1) - - _ - 

D0 3961 I s213  ~_ -_  - -  

I F  (HXTIM-THLMT(1))  3962r3961~3961 

C SELECT LARGEST ENTRY I N  TIME TABLE F0R END BF JBB TIME 

3961 M XTIM= TMLMl(  I )  
3961 CBNTINUE 

TAYX=Oo _ __ - . _- - 

PHIB=PHI  *P I /  180. 
M0=4,/3.*PI*RFB**3*RHB ____ ~ 

I F  ( S P H E R E ) 6 2 6 r 6 2 5 r 6 2 6  
625 ~ 0 ~ ~ 0 * . 5  
626 CBNTINUE 

3931 FBRMAT( lHO// / /J  
3944 FBRMAT(lHO9XBHBETIY = 49XE14*8 )  - - _. __ _ 
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- - 
C R E A D I N T E R - ~ B C K ,  PR IN<-DATE AND TIME 
______ 3927  FBRMAT ( 1 H 1 )  -~ _- - __ ~- 

3 9 9 7  FBRMAT(lHl , lOOX6HTIME ,A6,/101X6HDATE ,A69 / /  1 
WRITE (6,3997 1 CTIMEI DATE 
SEC = E60SEC 
GB T!d (8040,8041_), I R A 0  

804T-CBNT INUE 
8 4 3 9  FBRHAT(43X47H THE ABLATIBN PRBGRAM WITHIllUT INTERNAL R A D I T I B N / / / / )  

WRITE ( 6 , 8 4 3 9 )  
G0 TB 8 0 4 2  

8 0 4 1  C0NT INUE 
4 9 3 9  FBRMAT(43X48H THE ABLATIBN PRBGRAH WITH INTERNAL RADIATIBN / / / I  

W R I T E  ( 6 , 4 9 3 9 )  

WRITE (6 ,3900)  
WRITE ( 6 , 3 9 0 1 )  K 
WRhTE ( 6 , 3 9 0 2 )  RH0 
WRITE ( 6 , 3 9 0 3 )  CP 
G0 1 0  I 8 0 1 7 , 8 0 1 8 ) r I R A D  

8 0 4 2  CBNT INUE 

8017  CBNTINUE 
W R I T E  ( 6 , 3 9 2 5 )  E 

8018 CBMTINUE 
W R I T E  ( 6 , 3 9 0 4 )  MVAP 
W R I T E  (6 ,3905)  HV - -  

I F  (ALFV)  6932,6934,6932 
6 9 3 4  CBNTINUE ~ 

W R I T E  (6 .69311  
GB T0 6 9 3 3  

6 9 3 2  CBNT INUE 
W R I T E  16 ,3906)  ALFV 

-6933 CBNTINUE 
WRETE ( 6 , 3 9 4 4 1 S E l  
W R I T E (  6, 3 9 0 7  I Y B  
W R I T E  ( 6 , 3 9 0 8 )  
W R I T E  ( 6 , 3 9 0 9 )  8 1 , 8 2 r B 3 r B 4  

~ -_ WRITE ( 6 , 3 9 1 0 )  
W R I T E  16,3911)  

W R I T E  (6 ,3913)  M l r A l r A 2 r A 3 r A 4  
___ __ WRLTE ( 6 , 3 9 1 2 )  - -  

G 0  T0 ( 8 0 2 0 r 8 0 1 9 ) r I R A D  
C PRINT INTERNAL RADIATI0N CBNSTANTS 
80-19 CBNTINUE 
8000 FBRMAP(9X8HR(EFF) =41XE16.8) 
800-1 F0RNATt 1HO8K3HN =46XE16.8) 
8 0 0 3  FBRMAT(lHOBX8HALF = 4 1 X E l 6 . 8 r 2 6 X l O H ( l / M E T E R S ) )  
8002 FBRMAT(lH08X6HALFA= 43XE16.8r26XlOH(l/HETERS)) 
8 0 0 4  FBRMAT(lHO8X7HSIGMA =42XE16.8r26X26H(KCAL/(M**2 SEC DEG K * * 4 ) ) )  
8005 FBRMAT(lHlSlX28HINTERNAL RADIATIBN CBNSTANTS// / )  

W R I T E  ( 6 1 8 0 0 5 )  
WRITE ( 6 , 8 0 0 0 )  REFF 
W R I T E  ( 6 , 8 0 0 1 )  RN 
W R I T E  (6 ,80021  ALFA 
WRITE ( 6 , 6 0 0 3 )  ALFR 
WRETE (6 ,80041  S I G M A  

W R l T E  ( 6 , 3 9 2 7 )  
W R I T E  ( 6 , 3 9 1 4 )  M E T H B D  
I F (  SPHERE 13928.3929s 3 9 2 8  

8020 CBNT INUE 

3929  W R I T E  ( 6 . 3 9 1 6 )  

3928  WRITE (6 ,3915)  
.G0 TB 3 9 3 0  
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3 9 3 0  CBNTINUE 
W R I T E  ( 6 9 3 9 1 7 )  RF0 - _ _  
W R I T E  ( 6 9 3 9 1 8 1  H0 
WRITE ( 6 9 3 9 5 5 )  
WRITE ( 6 9 3 9 1 9 )  

W R I T E  ( 6 9 3 9 2 1 1  W0 

WRITE ( 6 9 3 9 5 5 1  
W R I T E  (6 ,3923)  

~ - - - _. -__ WR-€T_E ( 6 , 3 9 2 0 )  H0 - - ~~ __ 

-_____ WR I T E ( 6 9 392 2 )  P H I  _ - ~ - -  _ _  -_ - _ _  - _~ 

C SET UP PRINT 0F T I M E  STEPS AND PRINT INTERVAL, 
- D0 3 1 1 1  MMH=1,2 - ._- 

I F  lTHLHT(H~W)-THLHT(M~H+l~l 3 1 1 1 r 2 2 2 2 ~ 2 2 2 2  
3111- C0NTINUE 

MMM=MHH+ 1 

, 

2 2 2 2  C0NTINUE 
D0 3933  I K J = l r M H H  

3 9 3 3  W R I T E  (6 ,3924)  T D T ( 1 K J J r  T ~ L M T ( I K J - l J ~ T H L M T ( I K J ) ~ I P R T ( I K J J  
YRITE(6 .3932)  DY 
WRITE ( 6 . 4 9 4 1 )  M X T I M  - - ~ _ _  
HKM = H70 
H70KH =H70 
KTR=1 
IPRINT=IPRT(  1) _ 

Q2T0L=. 0 1 

DYZ = DY*DY 
RKCP = K / (RH0*  CPI  
RCP=l./(RHB*CP) 
TST= TDT (1) _ _  _._- - 

DIY=MH 
DB 9 0 9  I = 2 r 3 -  -~ ~ -~ 

I F  

_ QTl iL=.001 ~~ - ~- - 

- 

( TDPl I 1 - 1  ST J 909r909.908 
9 0 8  TST =TDT ( I J  
909 CBNTINUE 

IF (TST/DY2- l . / (RKCP*PIJ 1 9 1 1 r 9 1 1 ~ 9 1 0  - 

C GRbD RAT10 VIBLATED. DY WILL BE CALCULATED 
9 1 0  DYL=RKCP*PI*TST -~ 

DY=SQRT( DY2J 
WRITE(6.912J 

9 1 2  FBRHAT(43HOGRID RAT10 YIBLATEDI. DY WILL BE CALCULATED) 
911 CBNTINUE -~ -~ 

-- _ T M =  0, ~ _ _ _  ~. - _ _ _  

-~ _ ~ - -  

TINE=O. 
- 

A6? 397.92346E12 

ABr23812.9  

A 1 0  = 73. 
~ A 9 ~ 3 . 1 5  - 

A l l  = 053733E-4  - 

A12 = 1926.2 
A13 = - 7 1 5  
A 14=. 7 0 5  
AIL5 = e055 - - _ _ ~  
A 1 6  = ,755 
A17 = - 0 2 5  ~ - - - - -  

A18 = 14.76303E-7 

C0E HW(l I=,96954E-13 

C0FHH( 3 ) =  2.03371E-5 
CBF HW(2)=-2,10515€-9 
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- _ _  . 
C0FHW14) =.24019 
CBFHW(5)=-5-3944 . .~ 

C 0 1 = l  0 0 9 9 8 6 5  
C02=-2 -722132€-6  
C11=-4-9934E-3  
C12=.83986E-6 
C21= 19.39623E-4  
C 2 2 z - a  860322E-7  
C 3 1  =-13.93188€-5 
C 3 2  = - 4 1 9 5 3 4 E - 8  
C 4 1  =4.116558E-6 
C42 =-.97149E-10 
C 5 1  =-4.41709E-8 
C 5 2  =,856262E-12 
C26 = - 2 6  
C68 = .68 

C 0 F K ( 2 ) =  -.5989437E-17 

_- 
C0FK( 1 = l o  0 2 2 9 8 0 5 E - 2 1  

CBFK(3)=1.3873689E-14 
CBFK(4)=-1 .811997E- l1  
C B F K ( 5 ) =  -2429734E-7  
CBFK(6 ) =  - 6 7  16646E-8 
RFT=RFB 
S I = l .  - 

PVAP=O 
YS=O. 
YSW=O. 
I K I  = 1  
RFV=RF0 
IFtSPHERE)3940~3941r3940 

3 9 4 1  THECK =RF0 
G0 T0 3 9 4 2  

3 9 4 0  THXCK =2.*RFB 
3 9 4 2  CBNTINUE 

C CALCULATE NUMBER BF STEPS I N  Y D IRECTIBN 1 0  TAKE CALCULATIBNS 
AT= THICK/DY + l e 5  
N=AT 
I F  (N-100) l l r l O 1 1 0  

~ t o  ~ N=100 
- 

11 CBNTINUE 

T ( I )  =TO 
TLAST( I ) = T 0  
DTDT(1 )=O. 

D0  12 I = l , N  

02Y ( I 1 =O 

Y ( S I  = DY* FLBAT ( 1 - 1 )  
12 CBNTINUE 

F0=0. 
FYB=O. 
V I P O .  
K K = 1  
DT =TDT( 1) 

KPR INT=O 
H=HB 
HN=H 
w=w0 
U= W0* C0S ( P H I 0 )  
V= W0 + S I N  (PHI01 

OT2=OT+o5 
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UN=U 

GSEA =9.80665 
MASS= MO 

G 0  T 0  500 
-- ----- __-_ - -__ KR= 1 -_ - _  

C BEGAN CALCULATIBNS F0R A NEW 1IME 
TMN = T IME - TMLMT ( K K )  
I F  (KK-3) 5051*5_051,696 

-p p- _. __ _------ 

I F  (TMM) 5 0 5 2 r  84r84 - -  -- __ 

- 
5051 CBNTINUE 

5 0 5 2 - I F  (ABS( TMM)-DT/4- 1 841 13r13 

84 KK=KK+l 
C CHANGE T IME STEP. AND PRINT FREOUENCY 

I K E = 1  - - - _ _ - _ _ _  
DT= TDT(KK) 

13 CBNTINUE 
C CALCULATE NUMBER BF STEPS I N  Y DIRECTIBN T 0  TAKE CALCULATIBNS 

AT=(THICK -YS)/DY -+1.5 - -  _. 

I F  (N-100)  1 i i l i 1 1 1 1 ~ l l l P ~ ~  -- 

N=AT 

1110 N=100 
1111 C0N TINUE 

IF I N - I Y Z )  1 1 1 2 r 1 1 1 3 r 1 1 1 3  
1114 FBRMAT(29HOB_BOY MELTED -A&AYiTHICKNESS =I4,3H DY)_ - -___- 

WRITE (6rl l141_Nppp-- _- - ~ _ _  - - ~ p - p  

1112 KEY=Z 

G0 T0  507 

KPRINT=KPRINT+l  
D0 33 I = l r N  -. 

1113 CBNTINUE 

-- - ~ p - ~  

TI ~ ) = T L A S T (  I )+DTDT( i )+DT 
33 C0MTINUE T 

-~ - 

T ( N ) =  T tN-1 )  
C FBURTH 0RDER RUNGE KUTTA PRBCEF~D URF. KR DESIGNATES THE PASS 
C KR=l.  I N I T I A L  PASS 
C KR*2,lSJ- PASS B N A N V  TIME _SL!3-_ --p 

C KRr392ND PASS 0N ANY TIME STEP 
- C KRx4pXRD- PASS 0 N - A N V  T I M E -  STEP-- 
C KR=S14TH PASS I N  ANY TIME STEP 

FK1U = DUDTSDT 
F K l V  = DVDT *DT 
TIME= TM + D l 2  - 
KR=2 
U= UN + FKlUS.5 - 

VI VN + F K l V S - 5  
G0 T0  500 

1001 FK2U= DUDTtDT 
FKZV = DVDT*DT . - __ _ _ _ ~  
U = UN + FK2u1.5 
V = YN + FK2Y*n5 p_ - -  

KR= 3 
G 0  T 0  500 

FK3V =DVDT*RT ~p - ~ _ _ _ _  
TIWE= TM+DT 

-_ - -~ 

- - 

1002 FK3U= DUDT+DT 
- 

I 
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G0 T0 500 
1003 FK4U= DUDT*DT 

- -- - FK4V= DVDT*DT -- - -  
-U= UN+,1 . /6.* t F K l U  +2.* FK2U+FK3U 1 +FK4U 1 

V= VN+1./6.+(FKlV+ 2.*(FK2V +FK3V)+FK4V) 
KR=5 
G0 TB 500 

1004 C0NT INUE 
C END IdF RUNGE KUTTA 
C CBMPUTE MELTING VALUES 

100 CBNTINUE - - - _ ~ -  
M22=M00**2 
TH = T ( l )  
S=H/1000 
I F  (w-2100b.) 1 1 4 0 5 ~ ~ 1 1 4 0 9 ~ ~ 1 1 4 0 9  

1 1 4 0 5  I F  (M00-1.1 11406~114099 11409 
1 140bpPS J l = l  +M&2*. 2 - -  -~ p__ - -  - -~ ~- - - -- 

REl=PST1*+2.5 
PSP=REl*PSTl 
60 T0  1 1 4 0 8  

11408 C0NT INUE 
P S I  D=PSP* P 0 0  
TEIaDALz T00*(l.+M22/5.) 
DMDT=(U*DUDT+W*DVDT)/W 

C0= C01 +C02*H 
C l =  C l l + C 1 2 * H  
C2= C21+ C22*H 

C4= C 4 1 +  C42*H 
C5= 6 5 1  + C52*H 
PSBS= 
PSI PSPS*PSI D 

CBN= .5*RH0+DWDT 

___.-- C3= C31+ C 3 2 W  - -  - - -  -_ 

____ 
( ( t ( C 5 M 0  O+C 4 1 *M0 0 +C 3 r*w 00 + C2 1 M0 O+C 1 ) H0 O+C 0 

I F  t M00 -35.114019 14029 1402 
1 4 0 2  -KHx.63 

RH0E = 20.*RHBINF 
TE = 45.* T 0 0  
G 0  T 0  1 4 0 5  

1401 I F  I W-2100~)  1 4 0 3 9 1 4 0 3 r  1404 
C CALCULATE TEI RHBEIKM AND PE F0R H LESS THAN 2100 M/SEC 
1 4 0 3  TE = TElDAL 

RHBE= RH0INF *RE1 
K M  11.05 -- 

PE =PSID 
G 0  T 0  1405  

1404 CBNTINUE 
C CALCULATE TEs RH~EIKM AND PE F0R W GREATER THAN 2100 M/SEC 

D0 = 4.016949 -1o49287E-2  *S 
D 1  = -e895475  +4051127E-3*5 
02 = 9.28796E-2 -.54521E-3*S 
03 = -4.746323E-3 +3 -05088E-5  *S 
04 = 11.611955E-5 -7096241E-7  *S 
D5 = -10.86105E-7 +7.84415E-9 *S 
TE = TEIDAL*(  ( (  ((M00*05+D4)*MBB+D3 J*MB@+DZ)*M00+Dl )+I400 +On 1 
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l -  

_ 

RERE = ( ( ( ( (H00+(30569058E-8  +3;77445E-9*S 1 + (-• 832101E1< - 
16.34127E-7*S))*M00)+ (5 ,06022E-4  +3,2325E-5+S))*M00 _ _  
2+ L-1.334415E-2 -6.96885E-4* SI )*M00 + (  . 1 9 7 5 9 1 4 +  7.249941E-3 
3 * S l ) * H 0 0  + e269623-  2b47746E-2 S 

RHPE= RH0INF* REl*RERE 
- - _ _ _ _  H0 = 0 8 6 8  -.k325E-2 +S - - - . - - - 

______ H2 = 1,2245E-4 _S- + a 0 2 2 6 8 4  - - _ _  -- 

H 1  -3.98E-4 *S - 0 0 9 0 8 1  

H3 = -1,0185E-5 *S -1r637 E-3 
BU W/10000 - 5, 
KH = ( (  BU*H3 + H2) * .BU + H l ) * B U  + H0 

1 4 0 5  C0NTINUE _ _  
C RBUTINE T 0  C0MPUTE V MELTING 
2 0 9 0 3  MU€= (SQRT(TE)*(lo50541E-7)/(l.+A19/TElJ*GSEA 

HUN = (SQRTt  TU1 *I 1050541E-7 )  I / (  L-+A19/TY)*GSEA 
RINRE=RHBINF/RHBE 

C PRLlBSTEIN S EQUATIBN F0R THE SHEAR STRESS 
TAYX0=.727*( W / R f  T*(  1.-R INRE 1 1 ~ ~ 1 . 5  *( 8./3.*RINRE)**.75 

I F (-PV AP 1 1 8  09 , 1 8 1 1 , 1 8 0 9 -- _ _  
1 8 1 1  TAYX=TAWX0 

G 0  T 0  1 8 1 2  
1809 CBNTINUE 

TAYX=TAWXB+(S,l *(l.+(SEl+SI1/(PS/PVAP-l011) 
1 8 1 2  CBNTINUE 

D0 1 0 0 1 7  I P = l p 1 0 0 -  - -  - 

10017 VVLIP)=O. 
D0 10018 I P = l s Z O O  
ARG(IP)=O* 
TMULI P 1 = 0 c __ - - - - 

IDU_H=O ---- _ _ _ _ _  _ 

DYB=. DY/D IV  

NK= ( N-1) *MH+ 1 
00 105 J = l r N K  ~ - -- _ _  
AZK = J-1 
YBAR = OYB*AZK ~ - 

Y B L J ) =  YBAR 
C A t L  L A T L U M [ I E R R ~ I D U M ~ I 0 N E ~ N ~ I 4 ~ Y B A R . Y . T I T T )  
I F  ( I E R R 1  1 0 1 ~ 1 0 2 r l O 1  

WRITE (6 ,791 )  

C A k L  

l t ( ~ H U E + T W ) / ( H U W * T E ) ) * * o 4 4 7  *SORT (Zo*RHBE*HUW *TE/TW) 

1 0 0 1 8  ARC1( IP )=Oo 
- - - ..- 

a 

-- 101 -~ C0NTINUE_ ~ - -  . _- ~- - 

7 9 1  FBRMAT-( -- l X 5 0 H E R R m - I N  INTERPBLATIBN PRBCEEDUaE F0R SMALL T GRID]-. 
DUMP(YBAR.YBARt1 . T ( l I s T ( 9 9 )  t l s Y  ( 1 1  r Y (  99 J 1 1  

C ERR0R I N  INTERPBLATIBN 
CBNT INUE 

102 CALL SUBMU (T~rBl,B2,83,84,HU,TAG 1 . _ _  
I F  t TAG) 1049 103.104 

103- T H U I J ) =  0 .  - - 

G 0  T 0  1 0 6  
104 T MU( J) =MU 

1 0 5  CBMTJNUE - -  

IF ( J - 2 0 0 )  1 0 5 r 1 0 3 r 1 0 3  

JJ=NK 
--  A B - 3 8 - 9 9 1 4  - - - - - 

106 IF (J-1) 1 0 7 t 1 0 7 r 9 9 1 9  
9919 CBNTINUE 

9 9 U  CBNTINUE - -- 

Y0=  Y B t J J )  

JJSJ-1 
. __ .- - - ._ - - -  
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107 00 1 0 8 - J P = l r N  
C SET ARRAYS EQUAL- ZER0 I F  P R 0 F I L E  IS N0T-L0NG ENBUTH 

THU(JP)=O. 
1 0 8  V V l J P J  =O. 

-~ -~ V0@=0. - ~ 

GB 1 0  1 1 6  
109 CBNTINUE 

20902 C0NT INUE + 
C0FFA = 2.*(2.*(PS-P00)/RFT**2 + RHB*DWDT/RFT) 
C0FFB = 2.* 1 A W X  
D0 2 0 9 0 4  I L = l c J J  

2 0 9 0 4  A R G t I L )  = ( C B F F A * Y B ( I L )  + CBFFB) / T M U ( I L )  

10902 CBNTINUE 
G0 1 0  10902 

CA 4 L SUBV I ( ARG1, DY B , ARGI J J 1 
5 0 2  CBNTINUE 

10903 CBNTINUE 
DVY =ARGl{ JJ)  
00 2712 I K Z l p J J  - 

CALL S U ~ V I ( A R G l r D Y B I A R G , J J )  
V0B = A R G l t J J )  
JVK=JJ/MM+l - 

D0 2713 JZz1 w JVK 
JW =(JL-l)*MM +1 ~~ 

2 7 1 2  A R 6 (  IKJ = ARGl f IK ) -DVY 

-~ 
TMU(J2) = TMUtJVJ 

2 7 1 3  V V L J Z ) =  A R G l t J V )  
I F  (JV-JJI 9796,9795,9795 

C SPECIAL CASE WHERE PRBFILE TERMINATED 0N EVEN GRID STEP 
9 7 9 5  V V t l J V K  )=V00 
9796 CBNT INUE - 

J Z = J V K  
5 0 4  CBNTINUE 

J X s  N-JZ 

1 1 5  CBNTINUE 
I F  ( J X ) 1 1 6 , 1 1 6 ~ 1 1 5  

- _ _  - D0 1115 I Z = l r J X  - 
J V I  = JZ + I Z  
TMU( JVI 1 =O. 

1 1 1 5  VVUJVI )=V00 
1 1 6  CBNTINUE - 

NN =N-1 
D0 34 I=Z,NN 
D2Y( I) = ( 1 ( 1 - 1 ) - 2 0 * T ( I )  + T ( I + l ) ) / O Y Z  
DTDY I I ) 
D T D T I l I )  = RKCPSDZY ( 1 )  

= ( T ( I +l ) - T ( 1-1 ) / L * D Y  1 

34 CBNTINUE 
DTDY (N J = O o  
D2Y ( N  )=O. 
D E L 1  = ABSFt T (  1)- T L A S T ( 1 )  1 1 4 -  
IF (DELT-o5) 35.36r36 

3 5  DELT= e 5  
36 CBNTINUE 

TW= T ( 1 )  
I T E R = l  
G0 1 0  ( 8 0 2 1 1  8 0 2 2 )  9 IRAD 

8 0 2 2  CBNT INUE 
D0 7 0 9 8  N N N = l r N  
I F  (T(NNNJ-310.1 7 0 9 9 9 7 0 9 7 9 7 0 9 7  

7 0 9 7  CBNT INUE 
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~ ~ __ ___ ~~ 

7098  CBNTINUE 
_ _ -  ~ ____ - __ __ NNI=N 

7 0 9 9  CBNT INUE 
I F  (NNN- IYZ)  7096r7095 .7095  

7096  I F  (NNN-1) 7 0 9 2 r 7 0 9 2 r 7 0 9 1  
7 0 9 2  F030. _ ~ __  ~ ~ _ _ - _ _ _  

______~ G0 T 0 - 7 0 9 3  _ _  p~ 

_ _ _ _ _ _ _  
FY0=00 

_ - 
7 0 9 1  NNN= I Y Z  
7095  CBNTINUE 

DB 7 0 1  L = l r M N N  
D0 7 0 0  J t l t N N N  - p__--__---__-__- 

7 0 0  -RGLJ) = ( T ( J )  )*a4 *EXP i -ALFR, (Y (L )+Y(J I ) l  
CALL CINTD (NNNrDYrRG,RGl) 
R A l ( L )  =RGl INNN)  
NPl=NNN-L+ l  
D0 7 0 3  J = l r N N N  

7 0 9 4  UFDY ( I )=O. 
8021 CBNTINUE 
2 0 0  HE = W2/8374*8& + * 2 4 * T l N E  - - . -p 

I F  ( T W )  8 0 9 1 r 8 0 9 1 r 8 0 9 3  
8 0 9 2  FBRMAT(lH11X32HTW NEGATIVE BN ITERATLBN N U l B E R I 4 L  
8 0 9 1  W R I T E  ( 6 , 8 0 9 2 )  ITER 

KEY =2 
G0 T0 5 0 7  

HW=CBFHW ( 1 ) 
p~ ~~ ~ 8 0 9 3  C0NT INUE ~_ ~_ 

p- -_.__ D0 3 7  I = l r 4  _ __ _p ~ _ _  _ _  ~ - 
3 7  HW=TW* HW + CBFHWI I+1) 

HEW=HE-HW 
QRAD= 1.378E-11 E TW**4 

-p ARADG = 0. - 
I F  (21OO.-W138*39*39 

38 _ WC= SQRT (A6/ (A7+HJ)  . - . __ - 
QCBNT = A8 *SORT (RHBINF/RFT)* (W/WC)*+A9+ (HE-HW)/(HE-AlO) 
G0 T0 4 4  

3 9  CBNTINUE 
HUWAIR =SQRT ( T U )  A ~ ~ / ( L I + A ~ ~ / T W ) ~  - 
KWAIR=CBFK( 1 ) 
D0 40 I = l r 5  ~ _ _ _ - - _ ~ - _ _ _ _ _ _  

40 KWAIR = TW*KWAIR+CBFK( I + 1 )  

I F  (1.6-TWTS) 4 1 r 4 1 r 4 2  
FNU = A16 +AlZ_*TWZS __ ~ __ - - p~ _ 

G0 TB 4 3  
-_ 4 1  
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l i - F N U *  A 1 3 0 0 . 4  *SORT (1 .05*W/(2 . *RFT1!  
44 C B N T I N U E  

460 C B N T I N U E  
G 0  T A  ( 4 6 0 9 4 6 0 ~ 4 > ) t K l R  ~ 

~~ QMBL- ~- = A l l + R H 0 I N F * W + ( W 2  - A 1 2 * ( 1 W - T 0 0 )  1 
GB 1 0  46 

4 5  Q A f R 0  = QCBNT 
G 0  1 0  47 

~ 46 Q S C I P  = ( Q M B l * Q C 0 N T ) / S Q R T  ( Q H 0 L * * 2  + Q C 0 N T * * 2 )  
I F  ( H-H70KH)  6191 6191 622 

619 G O  T U  ( 6 2 0 r 6 2 1 r 4 5 ) r K T R  
C K T R =  1 WHEN H I S  A B 0 V E  H70 K M * K T R = 2  D U R I N G  T R A N S I T I B N ,  
C K T R =  3 AFTER T R A N S I T I B N  
620 K T R  = 2  

-~ TR2_-= TIME-+ 10 . *DT  
T R 1  = T I M E  

~ ~- GB TO 622 _- ~ ~ 

6 2 1  I F  ( T R 2 -  T I M E )  6241624~623  
624 K T R = 3  

G 0  T B  45 

G 0  T 0  47 
6 2 3 -  Q A E R 0  -=_PSLiP + _ I Q C ~ N T - P S L I P I * ( T I H E - T R l ) / ( T R Z - T R l ) ~ _  

47 C B N T I N U E  
11- 1./TW 

. -- PVAP-=Al.* E X P  A 2 * T 1  + A 3 ) * T 1  + A 4 1  
PVAPS=PVAP 
PV&P:PVAP*.Ml *PS**(  l . - M l ) .  
I F  ( P V A P - P S )  1515*1516r1516 

C CBRRECT GUESS F 0 R  TW 
1 5 1 6  T W P ( T U - T L A S ~ ( L ) ) *  0 5  + J L A S T ( l )  

-_ _ _ _ ~  T (  1) = 1-w - -  

_____ 1515 C B N T I N U E  -- _- 

G 0  T 0  200 

I F  ( A B S F ( P V A P )  - 1.E-201 48148949 

PVAP=O. 

V I = O .  
- GO T 0  5 2  

48 S I m 1 .  

-__. CWEQ=O. 

49 CWEQ = 10/110+ H/MVAP ( P S / P V A P -  1.)) 

9797 C 0 N T  I N U E  
I F  ( A L F V )  5 1 . 5 0 9 5 1  

50  VW = -1./RHB;SI *QAERB/HEW C W E Q / I l - - C W E Q )  - -  
G0 1 0  5 2  

5 1  AVH =SQRT (2 . *PI  *R MVAP TW ) / ( A L F V * ( ( P S - P V A P ) * M  
1+ PVAP*MVAP)  

V I  =1./ 12. *AVH*RHB 1 ( 1 .-CWEQ+AVM* SI *QAERB/HE W - 
lSORT ( (  l . - C W E Q + A V M * S I * Q A E R B / H E W l r +  2 +4-*AVM*CWEQ*SI  
Z*QAERB/HEW) 1 

52 C B N T I N U E  
02= QAERB SI + R H B * V I * H V  
G 0  T 0  ( 8 0 7 7 r 8 0 8 8 ) ~ I R A D  

8077 'QZ=QZ-QRAD 
8088 C 0 N T  I N U E  
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__ 65 C 0 N T I N U E  ~ ~ - 

l( l ) = l W  . -  

C I T E R A T I B N  C0NVERGED F 0 R  TW 
v00=v00+vw 

~ D0 6 5 0  I = l r N  - 
6 5 0  V V ( I ) = V V ( I )  +VW 

C SET UP T A B L E S  0 F  VOO AND VW 1 0  I N T E G R A T E  0 V E R  TIME.  
T A B V 1 ( 3 ) = T A B V I  f 2 )  
T A B V I ( Z ) = T A B V I ( l )  
T A B V 0 ( 3 1 = T A B V 8 / 2 )  
T A B V 0 ( 2 ) = T A B V B l l 1  
T A B V I ( 1 )  = VW 
l A B V B ( 1 1  = V00 ~ 

I F  ( I K I - 2 )  7 5 2 . 6 5 3 9 6 5 4  
7 5 2  YS=YS-DT*TABVB(  1) 

Y S U = Y S W + D T * T A B V I ( l )  
G 0  T 0  655 

YSW=YSW+DT2*(TABVI(l)+lABVI(2)) 
G 0  1 0  655 

YSY=YSW+DT/12.*~-TABVI~3)+8~*TABVI(21+5.*TABVI~l~1 

653 Y S = Y S - D T 2 * ( T A B V 0 ( 1 1 + T A B V 0 ( 2 ) )  

654 Y S ~ Y S - D T / 1 2 . * ( - T A B V 0 ( 3 ~ + 8 * * ~ A B V 0 ( 2 ) + 5 * * T A B V 0 ( 1 ) )  

6 5 5  I K I = I K I + . l  - 

9707 C 0 N T  INUE 
I F  ( A B S ( Y S ) - 1 . E - 6 )  6696699707 

G 0  T 0  ( 1 6 1 9 1 6 2 ) 9 M E T H 0 O  
161 C B N T I N U E  

R F 0 Y S  = R F 0 - Y S  
I F  ( R F B Y S  1 6796,6796916111 

I F  ( S P H E R E )  679896796798 

W R I T E  ( 6 , 6 7 9 7 1  

6796 C 0 N T  I N U E  

6798 C 0 N T  I N U E  

6797 F B R M A T ( l X 2 5 H  H A L F  0F B 0 D Y  BURNED AWAY) 
- ~~ K E Y = 2  ~- 

16111 R F T  = R F 0  + -5 Y S * * Z / R F B Y S  ~ ~-~ 

G 0  1 0  5 0 7  

MASS = M 0  -RHB*PI*YS*(RF0*(RF0-YS..5 )+YS**-2/6.) 
RFV=RFT 
G 0  T 0  163 

162  C B N T I N U E  
R F T  = R F 0 * (  1 ,+.5. ( l ,-EXP 4 -1O.,YS/RF0) I - .  3 2 * ( Y S / R F B I  * * 2 )  
LH = RFT - R F 0  + Y S  

E T A 1  = (RFBI.2 -2 1**2) 
Z 1  = ( R F 0 * * 2  - R F T * * 2  + L H * * 2 ) / ( 2 * + L H )  

I F  ( E l A 1 )  109049664196641 
10904 C B N T I N U E  

E l A l = R F 0 * * 2  
G 0  1 0  6 6 4 1  

6641 E T A l = S P R T ( E T A l J  

F J S  =RFV - R F 0  -YSW 
MASS =M0 - R H B * P I * ( R F 0 * * 2  * ( Z l + R F 0 ) - 1 . / 3 . *  ( 2 1 * + 3 + R F 0 * * 3 1  

l - R F V * * 2 * ( L l + F C l )  + l o / 3 . * ( ( Z l - F J S 1 * + 3  + ( F C l + F J S 1 * * 3 )  1 
163  C 0 N l I N U E  

I F  ( l H I C K - A B S F ( Y S  1 1 6 7 r 6 7 9 6 6  
713 F 0 R M A T ( 2 8 H l B B D Y  BURNED AWAYtEND 0F R U N )  ’ 

67 W R I T E  ( 6 , 7 1 3 1  
K E Y  =2 
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7 7 0 5  CBNTINUE 
K E Y = l  

_ _ _ ~ _ _ _  5 0 7  CBNTINUE -~ __ - 
C KEY = 1 I F  REGULAR PRINTF- IF-TKf i -NAL-PRINT KEY = 2  

- - -p - ____ P H I T = p 1 8 0 - / P I  ATAN2tVtU)  - 

YSN=-YSW 
G 0  T 0  L 8 0 2 3 r 8 0 2 4 ) r I R A D  

8024 CBI'dTINUE 
1711 F0RMAT(7HlTIME= 1 1 6 o 8 ~ / 8 H O H  El6-8,BH WINF E 1 6 o 8 r B H 1 A C H - - E  

116o8,8H P H I  E16.8r8H DWOT E16.8r/8H U I N F  E 1 6 0 8 t S H  V I N F  E l  

3 . 8 ~ 8 H  MASS C16.8r8H YS E16.8.8H YSY E l 6 0 8 r 8 H  R INF E 1 6 0 8  
4./8H T 1NF E16.8.8H P I N F  E16o8.8H A I N F  E16.8.8H MUINF E16089 
58H GINF E 1 6 o 8 r / 8 H  RE E 1 6 o 8 r 8 H  RH0E E 1 6 0 8 r 8 H  TE E 1 6 - 8 r 8  
6H PE E16-898H HUE E16.8~/8H_ K K  El 6_,8_~88H-!! - E 1 6 . & & H . .  
7 HE E 1 6 o 8 r 8 H  HW E16.8rBH PVAPS El6.8,/8H PVAP E16o898H 

-8AVN E16,8,8H4AR_B E1608rEM SI- - E 1 6 r 8 1 8 H  F ( 0 )  E 1 6 - 8 r / B H  T 

WRETE (6r1711) TIMErHrW.MBB~PHIT~DYDT.U1V.DUDT.DVDT. tD .RFl~MASS~ 
l Y S ~ Y S N ~ R H 0 I N F ~ T 0 0 ~ P 0 0 ~ A # 0 . ~ U I N F ~ G T ~ R E r R H 0 E ~ T E r P E t M U E r K M r M r H E ~ H W r  

.~ 261898H DU/DT E t 6 0 & 8 H  DVIRT CD - E L 6 r B d K R F T _ _ E _ L h -  

9AW E l 6 . 8 ~ 8 H  I N T  E1608,BH F ( Y B )  E 1 6 0 8 r / / / )  

ZPVAPS,PVAPkAVM,QAE_R_fl,S_Irf_B ITAWX~FISFYB ~ ~- 

1712 FBRMAT(4H Y= E 1 3 o 6 r 4 H  T= E 1 4 . 6 ~ 5 H  TP= E 1 4 o 6 r 6 H  TP2= E 1 4 o 6 r S H  DF= E 
1 1 6 o 8 p 4 H  V=-E13o6,7H DTDT= €14.6) ._ _ _  
J = l  
Dl3 9 7 2 1  - 
J = J + l  

171 3 WR I T-E C6 , 1 7 1 L  Y 4 I 1 , T ( I ) B Q Y  ( 11 r 0 2 Y  L I I s DFDY(LZx!VV ( I 1 r 0 TDT( I )  

- 

__ 
I F  l I Y Z - I )  9736,9736,9738 

9736 I F  ( T U ) - 3 0 U 9 7 3 7 . 9 7 3 8 1 9 2 3 8  . - -~ ____________ ____ 
9 7 3 8  CBNTINUE 

I F  ( J - 4 5 ) 9 7 2 7 * - 9 7 2 3 9  9 7 2 3  
9 7 2 3  WRZTE (6 .9713)  

9 7 2 1  CBNTINUE - _ - 

9737 CBNTINUE 
G0 T 0  8025 

8 0 2 3  CBNTINUE 
- 8 0 3 1  FBRMAT(THlTIME= E L 6 * 8 ~ / 8 m H  E l 6 o 8 y 8 H  WINF E 1 6 0 8 r 8 H  MACH E 

1 1 6 o 8 9 8 H  P H I  E 1 6 o 8 r 8 H  DUD1 E16.8r/8H U I N F  E16.8r8H V INF E l  
-___ 26.8*8H-DU/DT- - E16.8t8H DV/DT E 1 6 o 8 r 8 H  CD- E16.8,/8H RFT E16  

3 .8 j8H M A S S  E 1 6 - 8 r 8 H  YS E 1 6 o 8 r 8 H  YSW E16.818H RINF E 1 6 0 8  
4 r / 8 H  T I N F  E16.8rBH P I N F  E 1 6 o 8 r 8 H  A INF E 1 6 o 8 r 8 H  MUINF E l  6.8. 
58H GINF E 1 6 * 8 9 / 8 H  RE E16oBr8H RH0E E16.8.8H TE E16.8r8  

E16-8xBH _h- - E l  60 8r 8H -p--_ 6H PE E16-8,8_H MU€ E16.8y/8H KM 
7 HE E 1 6 o 8 r B H  HW E16.8r8H PVAPS E16o8,/8H PVAP E 1 6 o 8 r 8 H  

-8AVM E16-818H QAR0 E 1 6 o 8 ~ 8 H  SI E 160 8 I 8H QR_AP-_.EUAx111KL.  
9AW E 1 6 o 8 r 8 H  IN1 E1608t / / / )  

WR1 TE 1 6 & 0 3 1 )  T IMF .Ha YsHBB*PHIT QWDTs U. V s  DUDT. DVDT=CD*RFTsMgSS* 
l Y S r Y S N , R H 0 1 N F ~ T 0 B ~ P 0 0 , A 0 ~ , ~ U I N F ~ G T r R E r R H 0 E r T E ~ P E , M U E , K M , M , H E ~ H U ,  
ZPVAPSt PVAP, A V M r  QAERBI S I J Q R A D ~  TAWXs F I - - -- __-________ - 

8032 FBRHAT(4H Y= E13.6r4H T= E 1 4 0 6 r S H  TP= E 1 4 . 6 ~ 6 H  TP2= E 1 4 o 6 r 5 H  MU= E 
p11401x4H V= E13L617H R T P P  €14.51 - - --p 

J= 1 

J = J + l  
DB 9 7 1 1  I x 1.N 

8033 WRITE ( 6 , 8 9 3 2 1 _ Y ( U , T l l ~ ~ Y I I J = R Z Y 1 1 )  r T H U I L L V Y L I J & L Q L U ~  
I F  ( I Y Z - I  ) 9 7 2 6 r 9 7 2 8 r 9 7 2 8  . 
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~ - -~ ~ ~- 9713 FBRMAT( lH1)  __ 
9714 CBNTINWE 

9727 CBNT INUE 
9 7 1 1  CBMTINUE ~ 

8 0 2 5  CBNTINUE 
I F  (KEY-2) 9781r978299782 

9783 FBRMAT( l H l r  
11H 6HZETA1 E16.8r6H E T A 1  E16.8.6H H El6.8.6H RFV E 1 6 . 8 ~ 6 H  J 
1-E16.8) - 

9 7 8 2  WRITE (6 ,97831  Z1,ETAlbLHrRFVsFJS 
9 7 8 1  CBNTINUE 

C THhS PARTS CBMPUTES ELAPSED TIME BF CASE AND PRINTS 
GB Tld ( 8 1 2 1 r 8 1 2 2 r 8 1 2 1 ) t K E Y  

8122 CBNTINUE 
~ ~- _ _  CALL SCL 0CK (DATE t CT I ME w ESEJ 9 E 6  0s EC ) ~ . -  

I F  (DATE )8123,812198123 
8123 CBNTINUE 

TBTT IM=E60SEC-SEC 
I S l i C l  = TBT-FIM- ~ ~~ - -  
ISEC = I S E C 1 / 6 0  

.. -~ ISEC2 = ISEC-* 60-  ~ 

ISfEC60 = I S E C l  - ISEC 2 
I S K 3  = I S E C / 6 0  
I S E C 4  = ISEC 3.60 
ISEC5= I S E C - I  SEC4 -- ~ 

8124 FBRMAT(31HOELAPSED TIME BN T H I S  CASE WAS I 4 r 9 H  M I N U T E S v I 4 v 5 H  AND 
1 1 4 * 1 2 H  60TH SECBND) 

WRI.TEL6,8124) I S E C 3 r  I S E C 5 r I S E C 6 0  
8121  C0NTINUE 

C END 0F ELAPSED TIME PART 
GB T 0  ( 5 0 8 r l r 5 0 6 J r K E Y  ~ -- ~ _ _ ~ .  ~ 

TMll = TIME - HXTIM ~ 

I F  (THFI) 5049,696,696 

508 CBNTINUE 
~ ~- 

5049 I F  (ABS(TMH)-DT/4.) 696,6979697 
696 CBNTINUE 

~~ ~~ KEY= 2 
4902 FBRMAT( 51HOTRAJECTBRY TERMINATED BECAUSE MAXIMUM T IME REACHED) 

WRITE (6,4902) 
GB TB 5 0 7  

697 CBNTINUE 
TH= TIME 
UN =U 
VN = V  
HN=H 
00 6 6 6  I = l r N  

666 TLAST( I )=T(  I )  
I F  (KPRINT- IPRINT)  515,5169516 

516 KPRINT=O 
5 1 5  CBNTINUE 

500 CBNTINUE 
C RBUTINE TB CBMPUTE THE TRAJECTBRY EQUATIBNS 

GB T B  1000 

H=HN+V* ( T I  ME - TM ) 
I F  (H-HMAX) 4917r4915~4915 

4915 WRITE (6,4914 1 
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-_ - - - --- ___ - ___ 
C CASE IFER~~NATEO IF ALTITUDE EXCEEDS HHAX c- T H I S  ISpNECESSARY 10  PRBTECT AGAINST A BBUNCING B0DY_.lHAT 
C DBES NBT RE-ENTER THE EARTHS ATH0SPHERE. 
4914 F0RMAT(lH130HB@UNCING B00Yr JBB TERHINATED-) 

KEY=2 

IF ( _ H )  4900.4900r4907 _ -  __________ 
4900 KEY=Z 
4901 FBRHAT(51HOTRAJECTBRY TERMINATED BECAUSE 0F IMPACT WITH EARTH) 

WRETE (6.4901) 
_ _ _ _ _ _ _ ~  G 0  10 507 _ - .. -_ .-p~-__ - 
4907 CBNTINUE 

-c USE- ALTIPUDE RflUTl&E 10 @ETAIN EUNC_TIBNS_0E ALTITUDE-_ 
PRGl) =H 
ERR=O 
CALL PRA63(PR.ERR) 

_ p _  - - -  -_ IF (ERR -1bJ i 1 0 7 r 1 1 0 8 ~ ~ l O T  _ _  - 
1108 WRITE/6,11091 
1109 FBRHAT(45HOERRBR - -p-p _____-  ~- - ALfITUDE-FpUNCTION_R~UTINE~ END 0F J0B. j - _ 
1107 CBNTINUE 

c 
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_ _  
DUDT = -U+V/  (H+RSEA 1 
DVDT = -GT + U + * 2 / (  (H+RSEA) 1 -V+TEKM2 

-U+TERM2 

31 CBNTINUE 
C END 0F RBUTINE T 0  C0MPUTE 0.E F 0 R  TRAJECTBRY 

5 1 1  CBNTINUE 

END 
G0 T 0  (1000~ 1 0 0 1 3 1 0 0 2 r  1003r 1004) rKR 



SU8R0UTINE C I N T D  ( N ~ D E L L G A H ~ T )  ~ - _  ~ _ _ ~ -  ~ 

D IMENSIBN GAM t100)rT(100)  
IFLN-1) 81~81.82  

8 1  T(1)=0.  
- ___  - - - __ _~ - - -  _. _ _ ~  ____  R E r U R N  ~ 

82 IFLN-2) 8 3 ~ 8 3 9 8 4  
- - _ _  ___ 83 T(11=0. - ~ - 

T i  2 1 = (  GAM( 1) +GAM121 ) *DEL/2.- 
REIURN 

84 IF(N-31 85.85986 
__ 8 S l C  1)=0. _ 

T( I l= (GAM( l )+GAM-(21 )*DEL/2. 

RETURN 
_ T (  3 GAM( 1 J +41 *GAM( 2 ) + G A M l 3 )  ) * D E L I 3 0  ~ 

86 IF tN-4)  87.87988 
87 T(1)=0. 

T (  2 I = (  GAM( 11 +GAM(2) )*DEL/2, 
T(3)=(GAM(l)+4.*GAM(2)+GAM(3))*DEL/3. 
T(4)=3.*(GAM(1)+30*GAM(21+30*GAM(3J+GAM(4)~*DEL/~- - -~ 
RE TURN 

88 T ( l l = O .  
T ~ 2 ~ ~ D E L * ~ ~ 3 4 8 6 1 1 1 1 1 ~ G A M ~ l ~ + o 8 9 7 2 2 2 2 2 2 * G A M ~ 2 l ~ o 3 6 6 6 6 6 6 6 7 * G A M ~ 3 ~ + ~ 1  

147222222*GAM(4) - -026388889 ,6AHo)  

1 0 4 4 4 4 4 4 4 4 * G A M ( 4 ) - ~ 0 l l l l l l l l + G A n o )  ~ 

T (  3) =DEL* ( 0322222222*GAM( 1 J +l,3777+7778*GAM( 2 )+.266666667*GAM( 3 I + .  

J=N-1 
D 0  80 I r 4 . d  

80 T~I~~T~I-1~+DEL*~oO15~77778*GAM~I-3~-.lO2777?78*GAM~I-2l+.63333333 
13*GAM( € - l ) + m  480555556iC_M&I )-.026388889*GAM( I + l )  1 

1 6 ? + G A H ~ J ~ 1 ~ + ~ ~ 8 9 7 2 2 2 2 2 2 * G A M ~ J ~ + . 3 4 8 6 1 1 1 1 1 * G A M ~ J + 1 ~ ~ ~  ~- __ 
T (  J+ l  ) = T t  J )+DEL* (--026388889*GAH( J-3 )+. 147222222+GAM( J-2 )-e 3666666 

RETURN 
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__ __ SUBRBUTI NE -- C _- I N T t  ARG, H I  F I I N  ) -- 

D I R E N S I B N  A R G l l O O )  
H=N- 1 
H24=H/24 .  
00 1919-1=1 ,M - ~ 

I F  ( 1 - 1 )  l r l r 3  
-1 F I =  H 2 4 * 1  9 . *ARG(1)+19 . *ARG(Z)  -5 .eARG(3)  t A R G ( 4 ) )  

2 

3 I F  (I-M) 2 1 4 1 4  
4 F I = F I  t. H24+(ARG(I-2)-5.+ARG(I-l) + 1 9 . * A R G ( I )  + 9 . * A R G ( I + l ) )  
5 C0NT INUE 

1919-C0tUT INUE 
RETURN 
END 

G 0  T 0  5 

G 0  T 0  5 

C SUBR0UTINE T 0  C0BPUTE V J S C B S I T Y  HUpTENP IS TEHPERATUREpB- l~B2p63  
C ARE CBFFIC IENTSvTAG RETURNS AS ZER0 IF MU REAL LARGEPOTHERWISE I 

. 
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7 CBNTINUE 
RETURN 

ti D 0  9 I q l r N  
9 F I ( 1 )  =O. 

RETURN 
END 

. 
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C LAGRANGE TABLE L 0 e K  UP- AND-MULTIPLE INTERPBLA_TIBN-_ ___ - _ - -  

C BY TliMHY J. HEINTSCHEL 
C GENERAL ELECTRlC C0MPANY I FL IGHT ANALYSIS U N I T  
C FBRTRAN I V  LANGUAGE 

C 
_ _ _ _ _  S U BR 0U T I NE L AT L-U-MC I ERR 
C IERR = ERRBR SWITCH 
C I F  ERRBR BCCURS IERR = NBNZERB 
C I F  N0 ERR0R 0CCURS v IERR 0 
c _ _  IDUH = PRELENT TABLE LBCATIBN USED BY SUBR0UTINEA-._ _ _  
C BEFBRE ENTERING SUBRBUTINE F I R S T  TIME 9 PRBGRAHMER 
c ._ MUST SET IDUH=O - _ _ _ _ _  - - --_____. . - . 

C N = NUMBER 0 F  TABULAR P0 INTS PER TABLE 
C P = NUMBER 0 F  P B I N T S  USED FBR EACH INTERPBLATI0N 
C P EQUAL T 0  0R LESS THAN 10 _ _  - - - 
C ARG = LBCATIBN 0F ARGUMENT ( X )  
C X 1  = LBCATIBN 0F F I R S T  VALUE 0 f  INDE-PENDENT TABLE 
C Y 1  = L B C A T I 0 N  0F F I R S T  VALUE 0F DEPENDENT TABLES 
C A N S l  = L 0 C A l I B N  AT WHICH THE F I R S T  ANSWER I S  T 0  BE S TBRED 
C * t t t 4 t t * t * t * * t t * t + t t * * * * t * * + * t + + * t *  

C * t * * t t t * t t * * * * t 4 * * t * * 4 t t * ~ * * t * * t t t t  - - _  - - - ____ ___- 

1.DUY p H p N v P ARGz X E d - 1  L & N S L - - _ _  ____ ~ - - - 

C M = NUMBER BF DEPENDENT TABLES 

DIMENS I 0 N  X l  (N )  c Y € ( N p M  J ,ANSL( H 1 -- - __ _ _  - -  

INTEGER P 
I F  ( P  o G T - 1 0 1  GLT0 25 - ~_ - - - _ _  - - - - . - - - 

IERR=O 
I F  ( I  DUM o F Q o  0 )  IDUM - 1 
D0 10 J=IDUWtN 
I F  (AR_G .GT, Xllllt G0 TB-JQ ~- _ -  -_ . 
GB T 0  20 

- 

_ _ _ _  - ~ - _ _ _ _ _  - -  - -  10 CBNTINUE --- - ~ - 

25 I E R R = 9 9 9 9 9  
RETURN 

28 J=.+-l - - _ _  - _~ -- - _ _  - - _ -  - 

50 D0  40 K = l t M  
40 A N S l ( K ) = Y l I J + K I  - -- 

20 I F  (ARG .EQ- X l ( J ) )  G0 T 0  50 

I F  (ARG oEP. X l ( J ) )  GB T 0  50 

. - .__ __ __ - 
RETURN 

J=J- l  
~-~ I F  ( J  oLTo 1) GO 10- 25 _ - -  __ _ _ _  

I F  (ARG OLEO X l ( J ) J  60 TB 20 
_ ~ _ - ~ -  - _ -  J=J+1 - -  

I DUM= J 
D B N A l = Z o * ( X l ( J )  -ARG) 
D B N A 2 = 2 o + ( A R G - X l f J - l ) )  

- D B N A 3 = A B S ( X l ( J ) ) ~ A B S ( X l ( J - 1 ) 1  - -  - _  
I F  (ABS(DBNAl /DBNA3)  .LE. o0000008~ G0 T 0  50 
I F  (ABS(DBNAZ/DBNA3) OLE. ~ 0 0 0 0 0 0 8 ~  G0 T 0  Z B  __ - 

IF ( P - ( P / 2 ) * 2  .EQ. 0 )  G0 T 0  80 
I F  (ABS(DBNA11 LE. ABS(DBNA2J) G0 T 0  80 
ISXRT= J - (P+.1) /2  
G0 1 0  70 

80 ISTRT= J - P / 2  
70 ISTBP=ISTRT+P-€  _ -. - ~ 

I f  ( I S T R T  oGE. 1 ) G0 T 0  90 
I S T R T  1 
ISTBP= P 
GB TB 100 _ _  - 

- - 

90 I F  ( I S i 0 P  OLE. N l  60 T 0  100 
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ANS 1 ( K 1-0. 
PP R0D= 1 

._ D 0  130 L = I S l R T t I & T B P  
PPRBD=PPRBD*(ARG-Xl (L I )  
P R B D = l  
00 140 L L = I S T R T t  I S T B P  

140 CBNTINUE 
ANSl(K)=ANSL(K1+(Yl (L1K) /PRBD) /PR0D) / (ARG-Xl (L) )  

130 CBNTINUE 
120 A N S l ( K ) = A N S l ( K ) * P P R B D  

RETURN 
END 

64 

0 



c 

. 

rc 

- - - _  
SUBRBUTINE PRA63(PR*ERRBR) IX400010 

1 2 B L 1 4 ~ r T M B ~ 1 4 ~ ~ L ~ S ~ 1 4 ~ r D M B ~ 1 4 ~ r T ~ ~ 1 4 ~ ~ N 6 ~ 1 4 J  I X400030 
REAL LHBrMBrHWT I X400040 

C ENTER WITH PR( l )=CURRENT ALTITUDE I X400050 
C CALCULATED TABLE AT RETURN - IX400060 
C PR(l)=CURRENT ALTITUDE z IX400070 
C PR( 2 )_rPRESSURE PRES - - -  IX400080 
C P R ( 3 J = K I N E T I C  TEMPERATURE TEMPK IX400090 
C PR(4 )=V IRTUAL TEMPERATURE TEMPV ( = O o O  BEY0ND 90r000.0 NETERS) I X400100 
C PR(S)=NBLECULAR TEMPERATURE TENPN I X400110 

DENS I X400120 
C P R ( 7 ) = V I S C B S I T Y  VISCBS I X400130 
C- P&tA)=KINEMATIC VISCBSITY VIS-K ( = O o O  BEYBND 90,OOOoO METERS) I X400 140 
C PR(9)=SPEED 0 f  S0UND SPDSB IX400150 

DIMENSI0N P R ( 1 5 ) r P B ( 1 4 ) _ ~ 2 I ( 5 ) , P K ( 6 _ r 5 ) _ r R H 0 K ( 6 , 3 ) r T K ( 6 r 5 ) , V T K f 6 r 3 J r  IX400020 

C PR46I_=DENSIrY _. 

C PR(lOJ=WBLECUL AR YEIGH T W W T  I X 400 160 
C P R ( l l ) = S E A  LEVEL PRESSURE PSL 1x400 170 - 
C PR(12) rPRESSURE RAT10  PRAT IX400180 
C PR(131=DENSITY RAT10 DR IX400190 
C PR( 141 =V_ISC0SITY R A T I B  VR -~ - I X400200 
C P R ( 1 5 ) =  PRESSURE DIFFERENCE DELP IX400210 

1 Z = P R ( l )  1x400230 
I F ( Z ~ G E ~ O o o A N I ) ~ Z o L E o 7 0 0 0 0 0 ~ ~  G0 T 0  20 I X400240 
E RR0R= 1 I X400250 
I F I Z o L T o O o )  b = Q o  IX400260 
I F  bZ ,GT, 700000. J 2=700000, IX400270 

20 N = l  IX400280 
I F (  Z -830040) 4 0 r 3 0 r 3 0  1x400290 

40 I F (  2 -2ICNJJ60r50,5_0 IX400300 
50 N=N+ l  I X400310 

G0 10 40- --- - -  - - - - . - -  1x400320 
60 2 2  =Z*Z I X 4 O 0 3 3 0  

FRRBR-0 - IX400220 

23 =27*2 1x400340 
IX400350 24 =22*Z2 

25 =_22_1121 - -  - - - - -__ - I X400360 
G0 TB 100 IX400370 

30 IF [ 2-900OO- I 3003 70 ,  70 -- I X 4 0 0 3 8 0  
70 I f  L Z - Z B ( N ) ) 8 5 r 4 0 0 r 8 0  I X 400 390 
80 N a N + l  I X 4 0 0 4 0 0  

GB 10 70 I X400410 

GB 10 400 I X400430 

100 TEMPK=TK ( 11, N j +TK (2 N ) *Z+TK 4 3 , N) * Z 2  +TK(IX400450 
I X400460 

IF(2-28000- 1 120r140r140 I X400470 
C***+* PR_ESSURE F0R (O-TB 28000) -__ - _ -  I X 4 0 0 w O  

1 IN) *Z4+PK (6s N )*25) - -  . IX400500 
C * * * * *  DENSITY F0R ( 0  10 28080) IX400510 

l N J * 2 3 + R H B K ( 5 , N ) * Z 4 + R H B K o . Z 5 )  I X 4 0 0 5 3 0  
IFCZ-10832-f )130r130r160 . _ _  _ _  IX400540 

1x400550 
~ 13Q T E M P V = ( Y T K ( l , N ) + Y T K ~ Z , N ) * Z + V ~ K ~ ~ ~ N ~ * ~ 2  + Y T K C 4 % U + L 3  -+VTK(S* N L ? ! 4 A X 4 9 9 5 6 0  

1 + V T K ( b r N J * Z S )  I X400570 
GE TB 170 I x-0 

C***** PRESSURE FBR (28000 10 83004)  I X400590 
140 PR€S=*00098D465*  €XPLE'l~Nl+pLuz:& 0L+PKf3rbl )*ZL +-PKf-4rMLL*13+DLM400 

1 P K ( 5 r N ) * 2 4  + P K ( 6 r N ) * 2 5 )  I X 40061 0 

85 N = H r l _ _  - - ~ - - -  - ~- __ - 1x400520 

- C***** K I N E T I C  ~ TEMPERATURE FBR ( 0  -10 83004) ~ 1x400440 
+TK( 4s-N) * Z 3  - +TK( 5, N ) 024 

169 M j *Z5  

120 PRES- l O o Q 0 0 0 0 Q O * E X P ~ P K ~ l ~ ~ j + P K ~ 2 ~ N ~ * Z + P K ~ 3 ~ N ~ * Z 2 + P K ~ 4 ~ N ~ * Z 3 + P K ~ 5  1x400490 

D f N S  (1.16790729) *EXP W K t l r N )  + R m ( 2 . N )  *Z+ RHBKI: 3 N )  *22 +RHBK(b.IX-O - - 

C***** VIRTUAL TEMPERATURE F 0 R  ( 0  TB 12000) 

- -  
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-- - ._ _-_____- - 

Lo**** P E N S m F 0 R  128000 10 90000) I X 400 620 
I X 400 630- - - - ~  150 DENS=34o83676*lPRES/TEMPK) 

I 160 TEHPV=TEHPK 1x400640 
C*+*+* V l S C 0 S I T Y  (0 T 0  90000) 1x400650 

170 V I S C 0 S ~ ~ ~ 0 0 0 0 0 1 4 5 8 * S Q R J ( T E n P K . T E M P K * T E M P K * T E M P K ~ ~ / ~ T E M P K + l l O o 4 ~  1x400660 
C+**++ K l N E M A T I C  ~ _ V I S C 0 S I T Y - + 0 R  ( 0  30 90000J ~~ - - - - 1x400670 

V I S K = V I S C B S / D E N S  I X 4 0 0 6 8 0  
I X 400690 

S P D S 0 = 2 0 . 0 4 6 8 * S Q R T (  T E H P V  1 I X 400 700 
MWT-28.9644 I X 4 0 0 7 1 0  
TEHPM=TEMPK I X 4 0 0 7 2 0  

Coo***  V E S C B S I T Y  R A T 1 0  (0 T B  700000) - 1x400730 
180 VR-V I SCBS/oOOOO 1830243 I X 400 740 

1x400750 

C*r.iv+ D E N S I T Y  R A T 1 0  F 0 R  ( 0  T 0  700000) 1x400770 

C***-w* RRESSURE D I F F E R E N C E  F 0 R -  to-T-0 _ 7 0 0 0 0 0 J  - -  - -~ - 1x400790 
DELP=PSL-PRES I X 4 0 0 8 0 0  

C * ? * C A L C U L A T I B N S  J0MPL-ETE _r R E T U U T H  H A I N P R B G R A M  - - -  I X 4 0 0 8 1 0  
G 0  T 0  500 I X  400820 

300 T E M P K = 1 8 0 o 6 5  1x400830 
C**** *  PRESSURE F 0 R  (83004 10 90000) I X 4 0 0 8 4 0  

I X  400860 
I X 4 _ 0 0 8 7 0  

C*+*t+ M l l L E C U L A R  W E I G H T  F 0 R  4 9OOOO-%i ~ 7 0 0 0 0 0 ~  1x400880 
400 H W T = H B ( N ) + D W B ( N ) * (  2 - Z B ( N ) J  I X 4 0 0 8 9 0  

C** *w*  MOLECULAR TEMPERATURE F 0 R  (90000 T 0  700000) I X 4 0 0 9 0 0  
-- I X 400 9-1 0 TEHPM=TMB(NJ +LMB ( N I  ( Z - Z B t  N) J 

C***+*  K &NET IC TEMPERATURE F 0 R  I90000 -10 700000) 1x400920 
T E HP K = ( H WT / 2 8 96 44 1 TE MPM 1x400930 
PR E S = EX P ( A L 0  G( P B  ( N 1 ) + ( 1 37 3 30 1 52 3E 1 2 /( L M B  ( N 1 ( 6 344 860 .; 2 i (6344 8601 X 400940 

1 ~ + 2 8 I N ) ) ) ) * A L B G ~ T M B I N ) / I T " ~ N ) + ~ L ~ 6 ~ N J * ~  2 - Z B ( N J ) ) ) ) )  1x400950 

V I S C 0 S = (  ~ O O o O O l 4 5 8 _ i s Q R T ( T E M P H * ~ E M P M * ~ E M P H )  ) I (  T E H P t + 1 1 0 0 4 )  ~ 1 X 4 0 0 9 7 0  
V I S K = O o  I X 4 0 0 9 8 0  

_ _ ~  ~ ~ = ~ 1 ~ ~ ~ 1 ~ _ / ~ 0 0 0 ~ ~ ~ 3 0 2 0 2 4 3 ~ -  - ~ - __ __ __________ 1x400990 
SPDS0=20.0468*SORT(TEMPM) I X 4 0 1 0 0 0  
TENPV=TEMPK I X 401010 
G 0  1 0  180 I X 4 0 1 0 2 0  

500 PRCp21=PRES - - I x4Pl030 I ~ P R 0 3 ) = T E M P K  1x40 1040 
-- .PR 14 1 = T EHPU ~ - - - -  -~ 1x40 1050 

P R b S  )=TEMPH I X 4 0 1 0 6 0  
P R ( 6 ) = D E N S  I X 4 0 1 0 7 0  
P R L 7 ) = V I  SC0S I X  401 080 

PR (19 I =SPDS0 I X 4 0 1 1 0 0  

P R h 1 1 )  = PSL I X 4 0 1 1 2 0  
PR t.12) =PRAT I X 4 0 1 1 3 0  
P R 1 1 3 )  =DR I X 4 0 1 1 4 0  
P R C 1 4 )  =VR .~ -~ I X 4 0 1 1 5 0  
P R ( l S ) = D E L P  I X 4 0 1 1 6 0  
R E l U R N  - - -~ - 1x401 170 
DATA P S L  / l o .  1701472/ 1x401 180 
D A T A  P B A S E / 6 . 2 3 1 0 1 7 5 9 E - 5 /  I X 4 0 1 1 9 0  
D A T A  ~Zf~I~rI~lr5~/10832~1~17853o3~28000~~49000~~83004,/ I X 4 0  1200 

c4**3* _ S P E E D  0F S0UND ( 0  -10 90000) - -_ ~ 

- -  C * * * * *  PRESSURE R A T I 0 - ( 0  T 0  700000J - _  - ._ 

P R A T = P R E S / l O o 1 7 0 1 4 T 2  1x400760 

I 1x400780 D R = D E N S / l .  18354674 

PRES=PBA S E *E XP t ( -1 373 3 0 152 3 E  12. ( 2- 183004 1 1 / ( 18 0 65 *A 63 44 860 +Z - 1 X  400 85 0 - -  

1) *( 6344860. +83004,) 1 I 
_ _  p - ~ ~ ~ ~ ~  -150- -~~ ---- __ - - -~ 

- ~ _ _ _  ___ I 1 

- 

I DENS= 3 4 . 8 3 6 7 6 * P R E S / T E H P M  1x400960 

. _ _  _ _ ~  - -- - -  

~ PR t 8 1 =V 1-SK -~~ _ _ _ _ _  I X 4 0 1 0 9 0  

PR b 1 0  =HWT - - ~- 1x401 110 ~ 

D A T A  I ~ P K ~ I ~ J ) C I ~ l r 6 ~ ~ J ~ 1 r 5 ) / 1 . 6 8 7 l 5 8 ~ E ~ ~ ~ ~ l ~ l 4 2 5 l ~ 7 6 E ~ 4 ~ ~ l ~ 3 6 l Z 3 Z 7 I X 4 O l 2 l O  
X E ~ 9 ~ 7 o 3 6 2 4 1 ~ 5 E ~ 1 4 r ~ 1 ~ 0 8 0 0 ~ 1 5 E ~ 1 7 ~ 3 ~ 3 0 4 6 4 3 2 € ~ ~ 2 ~ ~ 7 ~ 9 9 1 0 7 7 7 ~ ~ 2 ~ ~ 8 o 1 0 1 X 4 0 1 2 2 0  

r. 

L 
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X~1~337~147E~4~2o066T371E-9.2.3396109€~13~~3~2562503E~17~7o9035209F 
X-2~~9e2751266E~l~-le4349679E-4t~2~8271736E~9~4~?480092E~l4~ 

____________-  X 1 8863216E-189 7 4,27024 1 1 E-2 3/ _ - _ _  
DATA I ( T K (  I e J 1 b I=l, 6 I ~3=1,5 I /Ze9667877E2 t-6.7731-001E-3, 8e4619805EL 

1 
1 
J 
1 
1 
1 

1 
1 

_1 
1 
1 
1 
1 
1 

X40 
_x 40 
X 40 
x*o 
X 40 
4 0  
X 40 
X40 

1 X40 
_ _  - 

- -~ 
.230 
.240 
.250 
.260 
.270 
. Ze_Q 
.290 
.300 
1310 

LX401320 
:X401330 
' X401340 
[ X401350 
L X 40.1 360 
X401370 
X401380 
iX401390 
1 X 40-1 400 
!X401410 
x401420 - 
: X401430 
[x401Cbo 
X401450 
iXLO1460 
[ X40 1470 
i X401480 
t X40 1490 

X 17 4 8 -2924583 E - 2 1 / I XeQlSOO 
DATA (ZB(L3.1=1t143/ IX401510 

. 
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